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This study focused on attempts to manipulate cyanogenesis and starch biosynthesis 
in cassava. Biosynthesis, accumulation and translocation of cyanogenic glucoside 
linamarin in various tissues of cassava plants were studied. It was found that leaf, petiole, 
stem and root tissues could synthesize linamarin and it accumulated to different levels in 
these organs. Radiolabelling studies failed to detect any translocation of linamarin into 
the roots, implying that root linamarin content might not be exclusively linked to leaf 
linamarin biosynthesis. The possibility that the root linamarin content is determined 
partly by its own capacity to synthesize the glucoside and partly by translocation from 
leaves was discussed. This pointed out the need of a constitutive promoter over any 
tissue-specific promoter for the gene transformation studies in order to reduce 
cyanogenesis in cassava. The high frequency cyclic somatic embryogenesis system was 
used for genetic transformation and mutation studies. Agrobacterium-mediated gene 
transformation of somatic embryos; however, was not successful. Nevertheless, γ-
irradiation of somatic embryos resulted in a few mutant lines. Two mutant lines (K4 and 
K6) showed a decrease in storage root linamarin level. The mutant line S9 showed 
distinct morphological variations, very low storage root yield and reduced starch and 
amylose content. Starch content, composition and granule morphology along with 
structure-function properties of the mutant S9 plants were studied in detail and significant 
differences were observed compared to wild-type plants. These differences were due to 
the changes observed both in polymeric composition and molecular structure of the 
mutant S9 plant starch. It was suggested that the differences observed in terms of starch 
content, composition and molecular structure might be related to changes in activity of 
the enzymes in the metabolic pathway. In mutant S9 plants the catalytic activities for the 
three key enzymes [ADP-glucose pyrophosphorylase (AGPase), granule-bound starch 
synthase (GBSS) and starch branching enzyme (SBE)] were considerably reduced. 
Various attempts were made in order to test the hypothesis that gene expression for these 
enzymes might be affected due to mutations. The leaf isozyme pattern and cytogenetic 
studies did not reveal much difference. Whereas, the leaf and root protein profiles for the 
mutant S9 plants were obviously different from the wild-type plants. Two proteins which 
were absent or weakly expressed in mutant S9 plants were identified as starch 
phosphorylase (SP) and Hsp70 heat-shock protein. These proteins are believed to play 
some role in starch biosynthesis. Similarly, the gene expression studies showed low 
transcript levels for AGPaseB, GBSSI and SBE enzymes in mutant S9 plant storage root 
tissues. This could well explain the low activity of the corresponding enzymes in mutant 
S9 plants and thereby causing significant changes in starch biosynthesis. In various 
chapters the significance and implications of scope of manipulating starch biosynthesis or 
cyanogenesis are discussed. The work presented here demonstrates the use of somatic 
embryos for mutation studies. The scope of cassava mutant S9 plants as a genetic 
resource for further research on starch biosynthesis has also been discussed. These 
findings would enhance our understanding on cyanogenesis and starch biosynthesis in 
cassava and can be exploited for further crop improvement programs. 
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Chapter 1. Introduction 
Cassava (Manihot esculenta Crantz) is a perennial woody shrub, grown as an 
annual crop. It is a major source of low cost carbohydrates for 600 million people, 
particularly in the humid tropics (Cock, 1985). Cassava is grown for its enlarged starch-
filled roots, which contain nearly the maximum theoretical concentration of starch on a 
dry weight basis among food crops. Fresh roots contain about 30% starch. The 
importance of cassava plants is increasing in both agro and food industries due to many 
reasons. The crop performs well on poor soils and is very drought resistant. It can be 
grown with low input of nutrients and water. Accordingly, cultivation of cassava provides 
an important carbohydrate source to prevent or relieve famine during periods of adverse 
climate conditions. However, main drawbacks of cassava are very low protein (Yeoh and 
Truong, 1996) and high cyanogenic glucoside (Iglasias et al., 2002) content in storage 
roots as well as poor storability of storage roots after harvest (Bokanga et al., 1994).  
The main cyanogenic glucoside of cassava is linamarin, which can be hydrolyzed 
by the endogenous enzyme linamarase to liberate hydrogen cyanide (HCN). The 
potentially toxic concentrations of linamarin can be reduced to innocuous levels through 
cooking. Therefore it is recommended to eat cassava only after cooking. Long-term 
consumption of improperly processed cassava-based food products may result in high 
intake of HCN and chronic cyanide intoxication in humans, causing several health related 
problems including death (Cock, 1985; Tylleskar et al., 1992; Rosling et al., 1993). With 
reported success in gene transformation experiments in cassava (Li et al., 1996; Schopke 
et al., 1996), acyanogenic cassava variety could be a reality in the near future.  
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Apart from human consumption, there is an increasing demand for the use of 
cassava in processed food and feed products, chemical, pharmaceutical, paper and textile 
industries (Balagopalan et al., 1988; Balagopalan, 1998). Though starch isolated for 
industrial applications is mainly derived from corn and/or potato, cassava is essentially a 
substitute in tropical climates. In plants the non-photosynthetic tissues, including seeds 
and tubers, accumulate a large amount of starch as an important energy source. The 
starch is synthesized through complex processes catalyzed by several enzymes (Preiss, 
1982). Although several of these enzymes have been characterized in many crop plants 
(Martin and Smith, 1995; Wasserman et al., 1995), the overall regulatory mechanism of 
starch synthesis is still unclear. 
Perhaps because starch is such an abundant natural product, there has until recently 
been little interest in how its production in plants might be manipulated. However, 
recently starch synthesis in many crop plants has received increasing attention for several 
reasons. First, starch is a major component in harvested parts of many crops and an 
understanding of regulation of its biosynthesis will aid to make directed changes in 
composition/quality. Second, increase in human population and shrinking land and water 
resources are threatening the right to food in many regions of the world. This demands 
working strategies to produce a range of cultivars with starches of different properties 
within single crop species. The quality of starch from any botanical source is determined 
by its physico-chemical properties. These properties are highly related to amylose-
amylopectin ratio and amylopectin molecular structure. Currently the required properties 
of starches are produced by chemical modifications of extracted starch. Manipulation to 
create cultivars, which produce starch with required properties, would reduce dependence 
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on such processing techniques. In order to obtain increased starch accumulation and/or 
altered composition in storage organs, different strategies including breeding and 
transgenic methods have been applied in various crops (Schwall et al., 2000; Kimura et 
al., 2001; Yasuhiro et al., 2002). Nevertheless, such manipulation requires certain 
knowledge of the way in which properties of starch are determined during its 
biosynthesis. Therefore, an understanding of the biochemistry, physiology and genetics 
of starch biosynthesis will be very useful for any future attempts to modify the starch 
content and/or quality in cassava. Even though researchers have used cassava plants to 
study cyanogenesis extensively (Mkpong et al., 1990; White et al., 1994; Iglesias et al., 
2002), compared to cereal grains, pea and/or potato (Kawasaki et al., 1996; Lloyd et al., 
1996; Gao et al., 1998; Jobling et al., 1999; Fernie et al., 2001; Nishi et al., 2001; 
Repellin et al., 2001; Susan et al., 2002), there has not been much attention paid to 
understand the fine details of starch biosynthesis and storage root development.  
Many studies have utilized genetic variation to understand most of the highly 
complex reactions of carbohydrate metabolism in higher plants (van der Leij et al., 1991; 
Smith et al., 1997; Yasui et al., 2002). The role of some of the enzymes in vivo has been 
examined by the use of mutant plants lacking particular enzymes causing alterations in 
starch biosynthesis (Mizuno et al., 1993; Craig et al., 1998; Nishi et al., 2001). Mutations 
leading to selective loss of amylose have been described in many species, including 
potato (Jacobsen et al., 1989; van der Leij et al., 1991; Patron et al., 2002), due to the 
lack of granule-bound starch synthase I (GBSSI) enzyme. Similarly amylopectin-free 
potato starch has been recently reported from experiments using antisense technology 
(Schwall et al., 2000). However, transgenic experiments in higher plants also revealed 
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how little we understand the complex regulatory mechanisms that govern the operation of 
a relatively straightforward metabolic network. Further success in deepening our 
understanding of starch biosynthesis in storage organs requires approaches that provide a 
breadth of experimental measurement. Improvement of cassava germplasm by traditional 
breeding methods has been hampered by non-availability of necessary genes in the 
germplasm, the alloploid nature of plant, and low fertility, amongst other factors (Thro et 
al., 1996). The newer techniques of genetic transformation, whilst offering greater hope 
for improvement of cassava, have in the past been hindered by the lack of a reproducible 
transformation and regeneration system. The breakthrough came with successful reports 
of gene transformation experiments in cassava over the last few years (Li et al., 1996; 
Schopke et al., 1996; Raemakers et al., 1997). However, all the transgenic plants carried 
only reporter genes and not any gene of agronomical interest. Furthermore, the 
availability of natural mutants with respect to starch biosynthesis is still lacking in 
cassava germplasm. Therefore, variation in the gene pool and application of functional 
mutants in biological research has never been more significant in cassava than it is today.  
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The objectives of this thesis research were to alter cyanogen content and starch 
yield, composition and quality in storage roots of cassava. To achieve these goals this 
study explored the scope of gene transformation and induced mutation techniques in 
order to obtain variations in the cassava germplasm. Furthermore, the biochemical and 
molecular regulation of starch biosynthesis in cassava was attempted in general and 
compared with a mutant cassava which has less or no storage root formation in particular, 
against the backdrop of understanding more about starch biosynthesis and thus to shed 
light on new strategies to improve starch quality and quantity. 
Chapter 2. Literature review 
 
2.1. Taxonomical aspects 
2.1.1. Origin, distribution and nomenclature 
The genus Manihot belongs to Euphorbiaceae and comprises of over 200 species, 
widely distributed throughout the tropics (Drennan and Staden, 1992). Of the 98 species 
delineated by Rogers and Appan (1973), 80 occur in Brazil, making the country an 
important genetic resource centre for the genus. The exact area of origin of cassava as a 
crop plant is unknown, although several theories have been put forward. Based on the 
abundance of wild Manihot species De Candolle (1886) suggested that cassava (Manihot 
esculenta Crantz) was first cultivated in north-eastern Brazil. Rogers (1963) favoured 
Mexico and Central America as one of the centres of domestication and recent nuclear 
DNA sequence studies (Kenneth, 2002) also agreed with it. On the other hand, Northern-
South America was suggested by Sauer (1952) as a possible centre of origin. Cassava is 
an important crop of the low-land tropics and was possibly first domesticated in America 
between 5000 and 7000 BC (Lathrap, 1970). The value of cassava as food was 
recognized by the earliest European visitors to America (Sturtevant, 1969), who 
transported it first to the area around the mouth of the Congo and shortly after to the other 
parts of West and South-West Africa during the 16th century. The cultivation of cassava 
spread rapidly across Angola and Southern Zaire, but in West Africa only more slowly in 
the mid-19th century (Jones, 1959). Cassava was introduced to East Africa, the Indian 
Ocean islands, Southern India and the Far East during the later 1700s (Purseglove, 1968), 
but in most of the Old World it remained a secondary food crop until the beginning of the 
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last century. Cassava was a staple food in Zanzibar in the 19Pth Pcentury (Grant, 1863) and 
cassava flour was on sale in Kampala in 1894 (Ansorge, 1899). The cultivation of 
cassava throughout tropical Africa increased rapidly during the 19PthP and early 20 Pth P 
centuries, sometimes as a result of encouragement or even enforcement by the 
administrative authorities who recognized its value as a relief crop (Angladette, 1949). 
Today, cassava is widely grown between latitudes 30° North and 30° South, a belt that 
coincides with most of the less developed countries of the world (Philips, 1974). Many 
common names of the species are in use in various parts of the world; “cassava” in Dutch 
and English, “manioc” in English and French, “maniok” in German, “yuca” in Spanish 
and “tapioca” in Asia.   
 
2.1.2. Morphological descriptions 
A pictorial representation of morphological details of cassava plant is given in Fig. 
2.1. Cassava is a perennial shrub, ranging in height from 1 to 5 m, with branched or tall, 
slender, unbranched stems. The stems are usually green, pale or dark grey or brown in 
color. The branched stems mostly exhibit an intermediate branching patterns in the lower 
part of the shoot to that of a highly branched plant in the upper part. The foliage is 
dimorphic in most of the cultivars. The fully developed leaves usually have five to nine 
lobes (Rogers, 1965). Storage roots are usually 5 to 10 in number, variously enlarged in 
size, developed radially around the base of the plant by a process of secondary xylem 
thickening of some of the initially fibrous roots. They are cylindrical or tapering and 
normally 15 to 100 cm long and 3 to 15 cm in diameter. The storage roots consist of an 































































































Fig. 2.1. Morphological details of mature cassava plant. (redrawn from Purseglove, 1968; 
Veltkamp, 1986; Ekanayake et al., 1997) 
 
A: a mature cassava plant, 1. storage roots, 2. fibrous roots, 3. main stem, 4. lateral 
branching, 5. node, 6. leaf, 7. fruits, 8. reproductive branching (forking), 9. inflorescence 
 
B: Different leaf lobe shapes in cassava, 1. obovate, 2. elliptic, 3. lanceolate, 4. linear 
(straight), 5. obovate-lanceolate, 6. pandurate, 7. arched 
 
C: Fully opened cassava leaf, 1. lobed lamina, 2. petiole, 3. stipules 
 
D: Inflorescence, 1. male flowers, 2. female flowers 
 
E: Male flower, 1. perianth, 2. anther, 3. stamen 
 
F: Female flower, 1. perianth, 2. style, 3. ovary, 4. granular disc 
 
G: Fruit, 1. wing (ridge) 
 
H: Cross section of fruit, 1. epicarp, 2. mesocarp, 3. endocarp, 4. seed, 5. locule 
 
I: Seed, 1. testa, 2. raphe 
 
J: Cross section of seed, 1, caruncle 
 
K: Cassava root system, 1. fibrous roots, 2. storage roots 
 
L: Cross section of a storage root, 1. periderm, 2. sclerenchyma, 3, cortical parenchyma, 
4. phloem, 5, flesh (secondary xylem parenchyma cells), 6. central vascular strand (xylem 
















storage tissue also known as cortex, which is rich in starch. The core is most often white 
but is sometimes yellow or tinged white red (Purseglove, 1968). 
The plants are normally monoecious, however, clones with hermaphrodite flowers 
are also found occasionally (Senratna, 1945). Flowers are borne in axillary racemes near 
the ends of branches, as male and female flowers occurring in the same inflorescence 
(Fig. 2.1.D). Flowers are numerous, and are borne in panicles at the tips of branchlets. 
The female flowers with five separate tepals; lowest on the inflorescence, are open and 
close several days before the male flowers with united tepals appearing on the upper 
portions of the inflorescence open and pollen is shed. Thus self-pollination of a single 
plant is impeded. When several plants of the same clones are grown together, they may 
differ in flowering time and pollination (Martin, 1976). The time and abundance of the 
flowering is dependent on variety, location, season and maturity. Pollination is mainly by 
insects (Rogers, 1965) or wind (Martin, 1976) and cross-pollination occurs more 
frequently, than self-pollination. Because pollen is not produced abundantly, pollination 
and fertilization is not common (Martin, 1976). Fruit set is not infrequent, but many 
female flowers are wasted. The fruit is a dehiscent capsule with three locules. Each locule 
contains a single carunculate seed. At maturity the schizocarp dehisces explosively 
ejecting the seeds to some distance. Most of the cultivars bear a relatively small number 
of fruits per plant in contrast to other Manihot species. It is certain that seeds were 
seldom used as propagules for cassava cultivation (Rogers, 1965). A few reproductive 
abnormalities like hermaphrodite condition and male sterility occur in cassava (Jennings, 
1957; Martin, 1976; Byrne, 1984).   
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2.1.3. Economic importance 
As explained in Chapter 1, cassava is one of the important crops in many tropical 
countries for food, feed and industry. World consumption of cassava for food is 
concentrated in the developing countries. In Africa, Latin America and Asia, about 70, 
35-40 and 40% of the cassava produced, respectively, is used for human consumption. 
Cassava is a cheap source of calories and often supplements where there are insufficient 
rice supplies. According to Food and Agricultural Organization (FAO) reports, cassava 
production and utilization is increasing and the estimate of world cassava production in 
2001 was 178 million tonnes of fresh roots (FAO, 2001). The roots are the main 
economically useful part of the plant, although the leaves are eaten as a green vegetable 
in many parts of the world, particularly in Africa (Rogers and Milner, 1963; Terra, 1964). 
The leaf is rated as the richest source of energy because of the high photosynthetic 
efficiency (in terms of light energy absorption) and the subsequent synthesis of 
carbohydrates (Calatayud et al., 2002). Cassava can serve as a nucleus for many 
industries with the application of biotechnology, especially the fermentation industries 
(Balagopalan et al., 1988). Starch being a glucose polymer can be easily modified or 
saccharified for the production of value-added food products, fuel or commodity 
chemicals. The physico-chemical and functional properties of cassava starch make it one 
of the most attractive substrates for bioconservation. The important industrial products 
from cassava starch are cassava bread (Dufour, 1988), gari fermented drinks (Ikediobi 
and Onyike, 1982), cassava beer, cassava alcohol, itaconic acid, antibiotics 
(Chandrasekhar and Dhar, 1983), cyclodextrins (Raja et al., 1990), citric acid, vitamin C 
and glucose (Balagopalan, 1998).  
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2.2. Plant breeding and agronomical aspects  
2.2.1. Breeding, cytology and cytogenetics 
For cassava, breeding works have received very little attention in the past compared 
to many other crops (Veltkamp, 1986). Serious breeding of cassava was started only in 
the first decade of 20th century (Van der Stock, 1910). Centro Internacional de 
Agricultura Tropical (CIAT), in Colombia was one of the pioneer research centres which 
started active breeding programs aiming at developing new promising genotypes of 
cassava and initiated a cassava physiology program (Cock et al., 1979). In most breeding 
programs increase of storage root yield, reduction of HCN content and disease resistance 
were the main goals (Akano et al., 2002; Veronique and Valerie, 2002). Since self-
pollination is almost impossible in cassava, cross-pollination is the common breeding 
method. Even though high yield and disease resistant varieties were achieved using large 
populations and heavy selection pressures, there are no cyanogen free varieties found yet. 
The number of reported attempts to obtain interspecific hybrids of Manihot species is few 
and not much information is available on the general cross-compatibility relationships 
within the genus. This may perhaps be due to the difficulty in obtaining hybrids (Bai et 
al., 1993). Interspecific hybrids of cassava with species like M. glaziovii, M. epruinosa, 
M. leptophylla, M. brachyandra as well as the hybrid between M. tritis and M. 
leptophylla produced small percentages of 2n or unreduced gametes as a result of 1st 
division or 2nd division restitution. Such 2n gametes were instrumental in the origin of the 
spontaneous sexual polyploids in cassava (Hahn et al., 1991). Natural hybridization 
occurs between wild Manihot species and between these and cassava (Nassar, 1989). 
Interspecific hybrids of cassava with M. glaziovii, M. pseudoglaziovii, M. aesculifolia, M. 
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pilosa, M. corymbiflora, M. dichotoma, M. pohlii, M. neusana, M. tripartita, M. 
leptophylla, and M. anomala were obtained by Nassar through controlled crosses, 
although their frequency was low. The meiotic behavior of several hybrids (cassava with 
M. neusana; cassava with M. pseudoglaziovii) was studied by Nassar (1980) and results 
indicated low hybrid fertility, which limited gene flow between these species and 
cassava. In the family Euphorbiaceae, the basic chromosome number is 8, but it can vary 
from 6 to 11 (Perry, 1943). All species of the genus Manihot studied have the somatic 
chromosome number of 2n=36 (Nassar, 1978; Reginaldo and Marcelo, 2002). Cassava 
itself was first reported to contain 36 chromosomes by Graner (1935). In spite of this high 
chromosome number, Manihot species behave meiotically as diploids, so they are 
believed to be alloploids. Microsporogenesis and megasporogenesis were cytogenetically 
and histologically analyzed in cassava clones recently (Ogburia et al., 2002). Meiotic 
abnormalities during microsporogenesis and megasporogenesis are implicated as being 
responsible for the formation of mixoploids (triploids and tetraploids) in cassava breeding 
programs. A cytogenetic mechanism resulting in bilateral sexual polyploids through 
different gametic fertilization pathways in cassava has been suggested and its role in 
breeding was discussed elsewhere (Ogburia et al., 2002). Genetic improvement of 
cassava has been done at the diploid level. However, among artificially produced 
polyploids, triploids were found to have a higher starch yield potential (Jos et al., 1987; 
Sreekumari and Jos, 1996; Sreekumari et al., 1999). Breeding of cassava was also 
performed with a view to understanding the distribution of cyanogens in various clones 
and to find any relationship between the clones and linamarase (endogenous hydrolytic 
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enzyme of cyanogenic glucoside linamarin) activity (Iglesias et al., 2002). This study has 
identified some clones with very low cyanogen content and high linamarase activity.  
 
2.2.2. Pests and diseases of cassava 
More than 40 diseases induced by viruses, bacteria, fungi and phytomonas affect 
the cultivation of cassava. Even though a 100% disease loss is rare in most cassava 
production systems, disease outbreaks occur and pathological problems of cassava were 
in many cases responsible for reduced yields (Lozano, 1989). The cassava mealybug 
Phenacoccus manihot Matle-Ferrero and cassava green mite Mononycheilus tanajoa 
Bondar are the two important pests of cassava in Africa (Tata-Hangy, 1995). Several 
attempts including chemical and biological methods to control these pests were 
undertaken. Biological control revealed to be efficient, but it is limited in use. Chemical 
control is also limited due to socio-economic constraints. Although the use of resistant 
varieties is promising, breeding process is very slow.   
 
2.2.3. In vitro studies on cassava 
Cassava is vegetatively propagated by stem cuttings (Kawano et al., 1978). A 
mature cassava plant will give an average of 10-30 normal cuttings (25 cm) for 
propagation after one year of growth (Kamalam et al., 1977). Over the last few years, it 
became increasingly important to develop techniques for the rapid multiplication and 
distribution of new cultivars, or disease-free material of established cultivars. Breeding 
programs also benefit from a method for rapidly multiplying new lines for field trials and 
evaluation, thereby shortening the time required for the release of new cultivars (Smith et 
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al., 1986). Because of several cultivation related problems of cassava, it was always 
important to develop a rapid and high frequency propagation system, which can produce 
virus-free plantlets or to expedite the fast multiplication of desired varieties. Tissue 
culture has special value for cassava, since cassava varieties, unlike other crops, do not 
reproduce true to type from seed. Until the availability of tissue culture, the only way to 
conserve or exchange cassava varieties was by using vegetative stakes, which transmit 
diseases. In vitro propagation from axillary buds is one method of multiplying desirable 
plants while maintaining the genotype of the parent (Hussey, 1978). A rapid propagation 
method through tissue or cell culture developed primarily to produce mosaic-free cassava 
plants was reported by Berbee et al. (1974) and Kartha et al. (1974). Adventitious shoot 
formations, shoot multiplication system from the nodal explants and methods to produce 
multiple shoots from axillary bud-derived meristems have been reported for cassava 
(Tilquin, 1979; Shahin and Shephard, 1980; Smith et al., 1986; Konan et al., 1994). In 
1997, Konan et al. reinvestigated a culture method, which is applicable to cultivars in 
which the standard protocol was ineffective. The cassava plants have been regenerated 
from meristem culture (Berbee et al., 1974; Kartha et al., 1974) and stem callus (Tilquin, 
1979). Experiments have been performed to induce callus formation and organogenesis in 
anther culture and mesophyll cell protoplasts of cassava (Liu and Chen, 1978; Shahin and 
Shephard, 1980). Despite these reports, more effective plant regeneration for cassava is 
still through somatic embryogenesis. A two-stage culture procedure that induced somatic 
embryogenesis in seed tissues was reported by Stamp and Henshaw (1982). A 
prerequisite for transferring genes into plants is the availability of an efficient 
regeneration and transformation system. In certain varieties of cassava, somatic embryos 
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have been used as explants for gene transformation studies with Agrobacterium 
tumefaciens (Li et al., 1996) and particle bombardment (Schopke et al., 1996) methods. 
There are a number of successful reports on the regeneration of transgenic plants from 
well-developed somatic embryos or embryogenic cell cultures (Li et al., 1996; Schopke 
et al., 1996; Raemakers et al., 1997). The high frequency multiplication system via 
somatic embryogenesis is useful for mutation experiments as well as gene transformation 
experiments (Raemakers et al., 1993a & b; Konan et al., 1994; Li et al., 1996; Taylor et 
al., 1996; Munyikwa et al., 1998). In vitro flowering and seed setting on somatic embryo-
regenerated plants are additional advantages of this system (Rout and Das, 1994; Jumin 
and Nito, 1995; Kintzios and Michaelakis, 1999).  
 
2.2.4. Plant growth, development and storage root yield 
The growth period of cassava varies in practice from about 6-months to 2-years 
(Purseglove, 1968). Normally the first leaves appear after ten days of planting of stem 
cuttings (Cours, 1951). Cassava plants produce new leaves continuously and the pattern 
of leaf formation has been studied (Irikura et al., 1979). Average leaf life span for many 
varieties is around 120 days (Veltkamp, 1986). The number of shoot apices and 
branching patterns depends on the cultivars. Leaf size has been found to increased to a 
maximum during 3-4 months after planting and then to decline in different ecological 
conditions, for example differences in temperature and day length variation have great 
significance (Irikura et al., 1979). Generally, the leaf area increases slowly during the 
first 1-2 months of growth, and then follows a rapid increase during 3-5 months and 
slowly decline thereafter. Various reports stated that those cultivars gave high yields had 
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the ability to retain a large number of leaves with large total leaf area (Sinha and Nair, 
1971). Planted cuttings start to root some 5 days after planting (Cours, 1951). The 
development of storage roots starts with the initiation of secondary growth of the roots. 
This process has been observed as early as in 3-week-old plants. The deposition of starch 
grains starts some days later and takes place mostly in the secondary xylem parenchyma 
cells in the central part of the roots (Indira and Kurian, 1977). The starch grains formed 
first have a diameter of only 2-6 µm, but the population grow relatively rapidly during the 
first 2-months of the growth period, although less rapidly thereafter (Cours, 1951). New 
starch grains are formed continuously and the mean diameter of starch grains in storage 
roots of 7 to 27-month-old plants varies from 12.9-14.6 µm (Cours, 1951). Under field 
conditions it is difficult to define the moment at which storage root growth starts. 
Sometimes storage roots are arbitrarily distinguished from others by their thickness. A 
thickness of 0.5 cm is generally reached 2-4 months after planting.  
One of the main physiological determinants of yield is the rate of photosynthesis 
per unit leaf area. For cassava several authors have suggested that variations in yield were 
possibly caused by differences in leaf area or leaf area duration (Sinha and Nair, 1971; 
Cock et al., 1979). Additionally, partitioning of photosynthate is also a major determinant 
of yield (Veltkamp, 1986). FAO reports revealed that several high yielding varieties in 
Africa produced between 25 to 32 tonnes per hectare and there were great differences in 
yield between individual countries (FAO, 2001). Factors like lack of adequate clones, 
poor weed control, poor disease and pest management, lack of fertilizers and generally 




2.3. Cyanogenesis in cassava 
2.3.1. Distribution of cyanogenic glucosides in higher plants 
Cyanogenesis is the ability of plants and other living organisms to release hydrogen 
cyanide (HCN) by the hydrolysis of one or more precursor compounds (cyanogens). The 
phenomenon was first described in plants in 1803 (Poulton, 1990). Whereas most plants 
produce small amounts of cyanide associated with ethylene production, some 3,000-
12,000 plant species produce sufficient quantities of cyanogenic compounds that they 
may function as translocatable forms of reduced nitrogen or as chemical defense 
molecules against herbivores (Kakes, 1994; Poulton, 1990). Several economically 
important plants are highly cyanogenic, including white clover, flax, almonds, sorghum, 
wild lima bean, rubber tree and cassava. Cyanogenesis is found in all major plant families 
(Kakes, 1994). However, the most economically important of the cyanogenic food crops 
is cassava.  
Analysis of the HCN content of the cassava seeds indicated that there is no 
linamarin and little free valine available for linamarin synthesis (Nartey, 1968). Studies 
by Nartey (1973) on germinating seeds indicated that the biosynthesis and degradation of 
cyanogenic glucosides occurred initially in the roots. Enzyme systems from microsomes, 
which catalysed the synthesis of the aglycone of linamarin and lotaustralin have been 
studied from etiolated cassava seedlings (Bokanga et al., 1994; Koch et al., 1992). 
Distributions of linamarin and its metabolizing enzymes linamarase, rhodanase and β-
cyanoalanine synthase in various tissues and different cultivars with high and low 
cyanide have been studied by Nambisan and Sundaresan (1994). Even if the HCN content 
of the inner part of the root is less than that in leaves and bark of the tuberous roots, the 
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protein content of M. esculenta leaves is much higher than the inner part of the storage 
roots (Yeoh and Paul, 1989). 
 
2.3.2. Linamarin and linamarase 
In higher plants, cyanogenesis usually results from cyanogenic glucosides, all of 
which are ο-β-glycosidic derivatives of α-hydroxynitriles. All tissues of cassava, with the 
exception of seeds, contain copious quantities of cyanogenic glucosides linamarin and 
lesser amounts of lotaustralin (Bradbury and Egan, 1992; Bradbury et al., 1991). In 
addition, there are cultivar-dependent differences in root cyanogenic glycoside contents 
(Cock, 1985; Wheatley et al., 1993). Most cassava cultivars have cyanogenic glucosides 
in their roots at less than 100 mg/kg fresh weight, but there are many ‘bitter’ cultivars, 
which contain up to 500 mg/kg root fresh weight (Wheatly et al., 1993). Research on the 
cyanogens of cassava has been focused largely on the biochemistry and physiology of 
linamarin synthesis and metabolism. This is because linamarin accounts for 95% of the 
total cyanogenic glycoside present in intact tissues (Cock, 1985; Balagopalan et al., 
1988). Linamarin is structurally α-hydroxyisobutyronitrile-β-D-glucopyranoside 
(chemical formula for linamarin is CB10 BHB17BNOB6 B; while lotaustralin is CB11 BHB19 BNOB6 B) which is 
hydrolyzed by linamarase and yields an unstable hydroxynitrile intermediate acetone 
cyanohydrin together with glucose. Acetone cyanohydrin spontaneously decomposes to 
acetone and HCN at pH>5, or the reaction is catalyzed by the enzyme α-hydroxynitrile 
lyase (Wajant et al., 1993; Hasslacher et al., 1996). The importance of this enzyme in 
HCN release has been demonstrated in Hevea (Selmar et al., 1989). Although the 
precursors and intermediates of linamarin synthesis pathway are known, the enzymology 
of linamarin synthesis is not well elucidated. The precursor for the first dedicated step in 
linamarin synthesis is the amino acid valine (Nartey, 1968). The conversion of valine to 
acetone cyanohydrin is catalyzed by cytochrome P-450, which is located on the tonoplast 
membrane (McMahon and Sayre, 1995). A vacuolar site for cyanogenic glucoside 
storage has been demonstrated in M. esculenta (White et al., 1994), Sorghum and Hevea 
(Saunders and Conn, 1978; Gruhnert et al., 1994). Rupture of the vacuole releases 
linamarin, which is hydrolyzed by linamarase located on the cell wall (McMahon et al., 
1995).   
Linamarin is hydrolyzed by endogenous linamarase to liberate HCN (Conn, 1980). 
The first step in the conversion of linamarin to HCN is the deglycosylation or hydrolysis 
of linamarin by linamarase to form acetone cyanohydrin and glucose.  Cassava 
linamarase had been purified and characterized by many researchers (Cooke et al., 1978; 
Eksittikul and Chulavatnatol, 1988; Yeoh, 1989; Mkpong et al., 1990). Cassava 
linamarase is a homo-polymer with a subunit molecular weight of 63 kD and there are at 
least three different isozymes based on their isoelectric points (Eksittikul and 
Chulavatnatol, 1988).  
 
2.3.3. Role of cyanogenesis in cassava 
Even though the exact function of cyanogenesis is not known, it may be related to 
the plant chemical defense mechanisms against herbivory. However, for a species like 
cassava where acyanogenic forms are not known, the correlation between cyanogenic 
potential and herbivory is difficult to interpret. One of the reasons is that cyanogen 
content in cassava is highly variable during different developmental stages of the plant 
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and between organs and tissues (Gomez and Valdivaeso, 1983; Okolie and Obasi, 1993). 
Consequently, it is impossible to determine the actual concentrations encountered by the 
herbivores. Most comparisons were made between different cultivars of cassava and such 
comparisons could not be used to prove that differences in herbivore resistance were 
caused by differences in cyanogen level. This is because cyanogenesis is not the only 
chemical defense mechanism; tannins and coumarins, both groups of biologically active 
substances are present in cassava and there would be also poisonous substances in the 
latex. The latex becomes sticky when exuded and forms a mechanical defense by 
congesting the mouthparts of, for example, locusts (Kakes, 1994). There are only a few 
reports on the relationship between cyanogenesis and herbivore damage. Bellotti and van 
Schoonhoven (1978) found that spider mite (Tetranichus urticae) selects the older leaves 
of cassava, which tend to have lower cyanogenic glucoside content (McMahon and 
Sayre, 1993; McMahon et al., 1995). It is not clear, however, that this is an example of 
chemical defense as van Schoonhoven (1974) found in a composition of cassava 
cultivars, that damage due to two generalist thrips species was not influenced by 
cyanogenesis. The specialist moth, Mononichellus tanajova was found to prefer the 
young leaves with high cyanogenic potential (Bellotti and van Schoonhoven, 1978).  
 
2.3.4. Translocation of cyanogenic glucosides 
The physiological basis of the cultivar-dependent differences in root linamarin 
content remains one of the controversial aspects of cyanogenesis in cassava. Several 
researchers believe that linamarin is synthesized in leaves and transported to roots. Stem-
girdling experiments have indicated that linamarin could be transported from leaves to 
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roots (De Bruijn, 1973). Similarly grafting studies between low and high cyanogenic 
cultivars suggest that the linamarin content of the roots may be partly determined by 
contributions from the shoot (Makame et al., 1987). In addition 14C-valine labelling 
studies with germinated seedlings have indicated that primary root is not able to 
synthesize linamarin (Koch et al., 1992). However, the apparent mechanism by which 
linamarin could be transported from the shoot to root is not known. Any apoplasmic 
transport will be hindered by hydrolytic enzyme linamarase, which is present in the cell 
wall. Selmar et al. (1988) proposed an alternative pathway. According to this model 
linamarin could be transported either symplasmically via phloem or apoplasmically as the 
non-hydrolyzable glucoside of linamarin, the linustatin. A linustatin pathway of 
apoplasmic cyanogen transport occur in Hevea (Selmar, 1993). However, in contrast to 
germinating cassava seedlings there is less evidence to support the operation of a 
linustatin pathway in mature cassava plants. There are several contradictory reports on 
the presence of linustatin in mature cassava tissues. Linustatin has been detected in very 
low quantities from mature cassava tissues by Selmar (1994). However, several other 
investigators failed to detect linustatin in cassava plant extracts (McMahon and Sayre, 
1993; White et al., 1994). There are also conflicting reports on the presence of linustatin 
in the phloem exudates. Pereira and Splittstoesser (1987) reported that foliar exudates 
(phloem exudates from leaves) had no linamarin and were composed mostly of fructans. 
Similarly Selmar (1994) was unable to detect linamarin in phloem exudates, but detected 
linustatin (no values given). In contrast Calatayud et al. (1994) reported that foliar 
droplets contained linamarin at concentrations (1.5 mg/g dry weight) equivalent to those 
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found in whole leaves, results which suggested that linamarin could be transported 
symplasmically. 
 
2.3.5. Nutritional value of storage roots and health problems associated with cassava 
The presence of cyanogenic glucoside and the small amount of proteins are the 
important nutritional problems associated with cassava. Cassava is relatively rich in 
vitamin C and calcium but poor in proteins and other vitamins or minerals. In addition to 
the low protein content, the protein has also been found to be deficient in the essential 
amino acids (Splittstoesser and Martin, 1975; Yeoh and Truong, 1996). The main amino 
acids found in cassava flour by Close et al. (1953) were glutamic acid, ornithine, alanine, 
aspartic acid, lysine and arginine while only very small quantities of cysteine, methionine 
and tryptophan were present. Aside from this, an important drawback of cassava for 
human and animal feeding is its cyanogenic potential. At pH above 4.0, the cyanohydrins 
break down to cyanide, and this has been implicated in the pathogenesis of certain 
metabolic disorders peculiar to cassava-eating communities. In many instances, however, 
the effects do not appear to be due to cassava but may be caused by other associated 
phenomena (poor health of consumer, low protein and nutrition in the diet etc.). The 
health disorders associated with subsistence on a diet high in cyanogens include: 1) 
hyperthyroidism, resulting from thiocyanate interference in iodine metabolism 2) tropical 
ataxic neuropathy, a neurological disorder, and 3) konzo, a rapid and permanent paralysis 
(Osuntokun, 1981; Tylleskar et al., 1992; Rosling et al., 1993), neurological disease 
(Bennett et al., 1987; Casadei et al., 1990), diabetes (Akanji, 1994) and fatal and non-
fatal acute poisoning (Akintonwa et al., 1994). The onset of these disorders can be 
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gradual or immediate and is dependent on the prior state of health and nutrition of the 
consumer and the quantity of the cyanogens consumed. At relatively high concentrations, 
ingested or inhaled cyanide is an extremely potent and rapidly acting metabolic poison. 
This is due to its ready reaction with the trivalent iron of cytochrome oxidase, an enzyme 
that accounts for about 90% of the total oxygen uptake in most cells via the electron 
transport chain (Friedman, 1980). Inhibition of cytochrome oxidase thus virtually 
completely disrupts cellular oxygen utilization and fumes could cause death in a minute 
(Friedman, 1980).  
 
2.3.6. Importance of acyanogenic cassava 
Long-term consumption of cassava-based food is suspected to be the cause of 
various health related problems in humans as discussed before. Use of cassava products 
as a staple food therefore requires careful processing to remove the cyanide. Inadequate 
processing may result in chronic cyanide intoxication. Cyanogen removal is done by 
practices that facilitate linamarin hydrolysis. This can be achieved by soaking and 
grinding the tissue (Cock, 1985), by adding exogenous linamarase (Padmaja et al., 1993) 
and by fermentation with linamarin-metabolizing bacteria (Legras et al., 1990). Many 
reports continue to show the presence of residual cyanogens in cassava-based food 
products indicating that current processing methods have not been able to remove the 
cyanogen present in the raw material (Yeoh and Egan, 1997). Typically, processing is 
labour-intensive and time-consuming and results in a simultaneous loss of proteins, 
vitamins and minerals (Bokanga et al., 1994). Attempts to increase the content of 
valuable nutrients like proteins in cassava storage roots by breeding will thus be in vain 
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because the components will most likely be lost during processing. The presence of 
cyanogenic glucosides thus constitutes a major obstacle for food quality improvements in 
cassava (Andersen et al., 2000). Therefore alternative techniques have to be adopted to 
tackle this problem. This can be possibly achieved in near future by producing plants 
either over-expressing or suppressing linamarase enzyme through transgenic 
experiments. 
 
2.4. Biosynthesis and accumulation of starch 
2.4.1. Occurrence of starch in plants 
Starch is the reserve carbohydrate occurring in all plants and it accumulates at some 
stage or stages of development of almost all plant organs. In leaves starch accumulates 
during the day and is mobilized to sucrose, which maintains a supply of carbon to the 
sinks during the night. Starch biosynthesis in leaves show quantitative variations within 
and between species and it depends on a number of environmental conditions (Goodman 
et al., 1986; Marschner, 1986). Starch accumulates transiently in cells of most meristems, 
usually in a zone immediately outside the zone of cell division and it play a central role in 
the gravitropic response of roots (Moore and Evans, 1986; Caspar and Pickard, 1989). 
Fruits, which have high sugar contents when mature, characteristically undergo a phase 
of starch accumulation and mobilization during their development. In most tropical fruits, 
for example banana, starch content remains high into the ripening period, when a rapid 
conversion to sucrose, glucose and fructose coincides with onset of the climacteric 
(Tucker and Grierson, 1987). Starch is the major carbon reserve of the seeds of a very 
wide range of species and often comprises up to 50% of the final dry weight of the seed. 
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Similarly, in many specialized perennating organs, including tubers (e.g. potato, yam and 
sweet potato), storage roots (e.g. cassava), rhizomes (e.g. arrowroots and species of Iris), 
corms (e.g. taro and coco yam) and the turions of aquatic plants (Lewis, 1984) starch is 
the main reserve product. Starch is synthesized exclusively inside plastids in higher 
plants; the chloroplasts and amyloplasts and the plastids of many organs pass through 
phases during their differentiation in which they synthesize and store starch (Smith et al., 
1990a; Rest and Vaughan, 1972).  
 
2.4.2. Composition, structure and physico-chemical properties 
The composition and structure of starch granules have been studied extensively on 
starches from storage organs (seeds and perennating organs) in which the main storage 
product is starch. It occurs as dense, water-insoluble granules (Smith, 2001). Starch 
granules deposited within plastids of both photosynthetic and non-photosynthetic tissues 
of plants are made up from two types of polymers of linear and branched polysaccharides 
called amylose and amylopectin, respectively. In amylose, BDB-glucose units are linked 
together by α-1,4 bonds, while amylopectin is composed of α-1,4 linked glucose units, 
which are cross-linked by α-1,6 bonds. The branched amylopectin has an average degree 
of polymerization (DP) of about twenty. Amylopectin is structurally similar to glycogen, 
the storage polysaccharide found in bacteria and mammals, but has fewer branch points 
than glycogen. The currently accepted ‘cluster’ model of amylopectin structure proposes 
that the branches are not randomly distributed along the axis of the molecule but occur in 
discrete clusters at intervals of about 7-10 nm, separated by relatively unbranched regions 
(Kainuma, 1988; Smith, 2001). Within the granules, the amylopectin molecules are 
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radially arranged with their non-reducing ends pointing outwards (Smith, 2001). On the 
other hand, amylose is a considerably smaller molecule than amylopectin and it consists 
of both linear molecules and few molecules of small number of linear chains joined by α-
1,6 linkages, with DP in the range of 1000-6000 (Guilbot and Mercier, 1985; Kainuma, 
1988). Amylose molecules are believed to exist as single, randomly organized helices in 
an amorphous phase within the granule. Amylopectin forms the major part (75-80%) of 
plant starch reserve (Shannon and Garwood, 1984) and the ratio between amylose and 
amylopectin determines the physico-chemical properties and thereby the quality and end-
uses of various starches from different plants. 
The composition of starch is greatly affected by different genetic factors and 
developmental changes. There are many reports on changes in starch composition subject 
to the interspecific and developmental variations of the plants (Smith and Martin, 1993; 
Sriroth et al., 1999). The amylose to amylopectin ratio and the structure of these 
components in terms of branch length, frequency of branching and overall size show a 
wide range of variation between species and among cultivars within a species. One 
important generalization about genetic variation in starch structure is that variation in the 
amylose to amylopectin ratio shows no obvious correlation with taxonomic grouping or 
type of storage organ (Smith and Martin, 1993). Variation in starch structure is as great 
between cultivars within a species as it is between species. For example, large-scale 
surveys of the ratio in wheat and maize endosperm and potato tuber starches gave ranges 
of 17-29%, 20-30% and 18-23%, respectively (Shannon and Garwood, 1984).  
The structure of amylopectin and hence the structure of crystalline regions of the 
granule, differ considerably between endosperm, tuber and embryo starches. In terms of 
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X-ray structure, starches are characterized as types A, B and C. A fourth structure, type-V 
occurs along with A, B and C in high amylose (55-85%) and in some starches derived 
from specific maize genotypes (Zobel, 1992). In cereal endosperms, the A-ype starch is 
characterized by a closely packed array of double helices, whereas in maize endosperm 
and in tubers the B-type starch reflects a more open array with considerably more water 
included in it. In legumes the C-type structure is noted and it is actually a mixture of A- 
and B-type structures. These different structures are related to the branch length of the 
amylopectin from which they are formed. The A-type structure arises where the average 
branch length is less than 20 glucose residues, and the B structure where it is more than 
22 glucose residues (Gidley, 1987).  
There is also considerable variation between one type of starch-storing organ and 
another in nature and amounts of non-starch components of granules such as proteins, 
lipids and phosphates (Guilbot and Mercier, 1985; Gidley and Bociek, 1988). 
Furthermore the composition of starch granules may change during granule development 
(Protserov et al., 2000). The amylose to amylopectin ratio as well as the molecular size of 
both polymers increases as the granule matures. Similarly the degree of branching of 
amylose which is essentially linear in early development, also increases during the 
maturation of the starch granule (Banks and Muir, 1980). Many starch granules showed 
internal ‘growth rings’ when viewed under the microscope. The rings are concentrically 
arranged in layers of alternating density or crystallinity, and susceptibility to attack by 
acids and α-amylases (French, 1984). The denser layers probably contain crystallites 
formed by the ordered packing of the branching clusters of many parallel amylopectin 
molecules (Kainuma, 1988). The less dense layers may be boundaries at which many 
amylopectin molecules terminate, and crystallites are scarce (French, 1984). Starch 
granule size and shape enormously variable. The granules of mature storage organs range 
from 1 to over 100 µm in length, and may be round, ovoid, reniform, elongated, 
compound, irregular, polyhedral or lenticular in different plants (Banks and Muir, 1980; 
French, 1984). There is variation between species, between cultivars, between parts of a 
single organ, and within individual cells (Shannon and Garwood, 1984; Smith and 
Martin, 1993). The mechanism by which starch granules are initiated and the general 
mechanism by which preferential growth of particular regions of the surface is directed 
and thus causes the unique shape in storage organs remain to be elucidated. In contrast to 
the granules of storage organs, starch granules in chloroplasts show little species-specific 
variations. They are generally disc-shaped, and smaller than mature granules of storage 
starch (Shannon and Garwood, 1984).   
The physico-chemical properties of each type of starch greatly depend on its 
composition and molecular structure. It has been shown that the native granule structure, 
the thermodynamic parameters (gelatinization properties, enthalpy changes and viscosity 
etc.) and the functional properties of starches are influenced by the amylose content 
(Jenkins and Donald, 1995; Matveev et al., 2001). Recent reports showed that the 
crystallinity decreased with increasing amylose content in maize starches (Gernat et al., 
1993; Cheetham and Tao, 1997). The melting thermodynamic properties of starches with 
differences in amylose content have been studied intensively (Sievert and Wuesch, 1993; 
Gerard et al., 1999; Matveev et al., 2001). These studies concluded that the melting 
temperature of starches was directly correlated to the amylose content. However, no clear 
correlation was obtained between the melting enthalpy and amylose content in a large set 
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of different varieties of maize starches (Friedman et al., 1993). Apparently, not only 
amylose/amylopectin ratio determines the thermodynamic properties of starch granules, 
but also possibly other factors could play a vital role. A decrease in the degree of 
crystallinity with an increase in amylose content is found in most maize starches 
(Cheetham and Tao, 1997). However, some double mutant maize starches showed a 
different behavior (Gerard et al., 1999). The decrease is thought to be related to the 
change in the chain length of the A-chains in the amylopectin (Cheetham and Tao, 1998). 
The melting process of granular starches is determined by the melting of double helixes 
consisting mainly of the amylopectin A-chains and exterior B-chains and possibly 
amylose.  
 
2.4.3. The pathway of starch synthesis and enzymes 
A schematic diagram describing the sucrose metabolism and starch synthesis in the 
non-photosynthetic tissues is given in Fig. 2.2. Theoretically the only two enzymes 
required for biosynthesis of starch polymers are starch synthase (SS) and starch 
branching enzymes (SBE). SS adds glucosyl unit from ADP-glucose to the nonreducing 
end of a glucose chain via an α-1,4 linkage, whereas SBE cleaves a linear glucose chain 
and transfers the cleaved portion to a glucose residue within an accepter chain via an α-
1,6 linkage to form a branch. Several mutant plants have been reported to contain either 
starch granules with an altered amylose-amylopectin ratio or a distorted shape caused by 
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Fig. 2.2. Possible fates of sucrose in the cells of developing, non-photosynthetic storage organs (Adapted from Smith and Martin, 
1993; Fernie et al., 2002b). SuS, sucrose synthase; UGPase, UDP-glucose pyrophosphorylase; PGM, phosphoglucomutase, AGPase, 




Many issues related to this topic have been the subjects of excellent recent reviews 
(Kossman and Lloyd, 2000; Denyer et al., 2001; Smith, 2001; Fernie et al., 2002b; 
Hedley et al., 2002). The synthesis of α-1,4 glucans begins with the formation of ADP-
glucose from glucose-1-phosphate and ATP, which is catalyzed by ADP-glucose 
pyrophosphorylase (AGPase). Amylose is synthesized by AGPase and granule-bound 
starch synthase 1 (GBSSI), which is encoded by the waxy gene. Amylopectin is 
synthesized by concerted reactions catalyzed by AGPase, soluble SS, SBE and starch 
debranching enzyme (SDE). SBE is the only enzyme that can introduce α-1,6-glucosidic 
linkages into α-polyglucans and, therefore, it plays an essential role in the biosynthesis of 
amylopectin. The SBEs from various higher plants appear to be composed of two types, 
namely SBEI and SBEII from maize (Zea mays) (Boyer and Preiss, 1978a & b; Guan and 
Preiss, 1993; Guan et al., 1997), wheat (Triticum aestivum) (Morell et al., 1997), and 
barley (Hordeum vulgare) (Sun et al., 1997) and the A-type and B-type from pea (Pisum 
sativum) (Burton et al., 1995; Martin and Smith, 1995) and potato (Solanum tuberosum) 
(Larson et al., 1996, 1998). At least three isoforms of SBE have been identified in rice 
(Oryza sativa) (Preiss and Sivak, 1996). In cassava Salehuzzaman et al. (1992) 
characterized a cDNA coding for a branching enzyme.  
There is general agreement that starch polymers in all plastids are synthesized from 
ADP-glucose via two enzymes, SS and SBE. In photosynthetic cells ADP-glucose is 
synthesized inside chloroplasts from fructose-6-phosphate, an intermediate of the 
reductive pentosephosphate pathway, via three enzymes, phosphoglucose isomerase, 
phosphoglucomutase (PGM) and AGPase. Evidence that this pathway is the sole route of 
ADP-glucose synthesis comes from studies of plants with mutations that affect the 
activities of three enzymes. A reduction of 50% phosphoglucose isomerase activity in 
Clarkia xantiana chloroplasts reduced the rate of starch synthesis in leaves by up to 50% 
(Jones et al., 1986; Kruckeberg et al., 1989). The elimination of plastidic PGM activity 
from leaves of Arabidopsis thaliana (Caspar et al., 1985) and its reduction in Nicotiana 
(Kiss and Sack, 1990) result in almost starch-less plants. The elimination of AGPase 
activity from Arabidopsis leaves prevents starch biosynthesis (Lin et al., 1988a & b). The 
reaction catalyzed by AGPase is far removed from equilibrium in vivo in favour of ADP-
glucose synthesis because the enzyme alkaline inorganic pyrophosphatase hydrolyzes the 
pyrophosphate that it produces (Neuhaus and Stitt, 1990) and although not directly 
involved in ADP-glucose synthesis, it is important in the flux of carbon. 
The pathway of phloem unloading and supply of sucrose to the cytosol of the 
storage organs has been the subject of much debate. There are two possible mechanisms: 
apoplasmic unloading, in which solutes are transferred via a cell-wall-mediated step, and 
symplasmic unloading, in which solutes are transferred between cells via cytosolic 
strands (plasmodesmata; Fernie et al., 2002b). A recent study using a combination of 
confocal microscopy, autoradiography and biochemical analysis has provided definitive 
evidence that unloading in the potato tuber is predominantly apoplasmic during stolon 
elongation, and becomes primarily symplasmic during the initial phases of tuberisation 
(Viola et al., 2001). 
In heterotrophic cells, where the primary source of carbon is the transported 
sucrose, ADP-glucose for starch synthesis must be derived from a product of sucrose 
catabolism in the cytosol. The form in which sucrose (the triophosphate or hexose 
phosphate or ADP-glucose itself) crosses the amyloplast membrane and enters starch 
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biosynthesis has been the subject of considerable debate. Various reports discussed the 
issue as to whether it was glucose-1-phosphate (Naeem et al., 1997) or glucose-6-
phosphate (Schott et al., 1995) that was taken up into the plastid. In the last few years, 
several experiments with intact tissues have provided strong evidence that hexose units, 
rather than triose phosphate, are taken up by amyloplasts as the substrate for starch 
synthesis (Keeling et al., 1988; Viola et al., 1991; Entwistle and ap Rees, 1990; Frehner 
et al., 1990). Experiments with amyloplasts isolated from pea embryos and wheat 
endosperms showed that hexose phosphate could be taken up and made into starch (Hill 
and Smith, 1991). It is generally accepted that chloroplasts normally cannot transport 
hexose phosphates (Borchert et al., 1989), hence uptake of glucose-6-phosphate or 
glucose-1-phosphate by non-photosynthetic plastids is likely to be via a translocator 
unique to these plastids. The cloning of a hexose monophosphate transporter from potato 
and the finding that the cauliflower homologue is highly specific for glucose-6-phosphate 
provides strong support for the glucose-6-phosphate theory (Kammerer et al., 1998). 
Furthermore, transgenic potato lines in which the activity of the plastidic isoform of PGM 
was reduced by antisense inhibition were characterized by a large reduction in starch 
content (Tauberger et al., 2000). There are thus compelling grounds for asserting that 
glucose-6-phosphate is the major form in which tuber amyloplasts import carbon from 
the cytosol. However, because these antisense plants were not starch-less, we cannot 
exclude the possibility that glucose-1-phosphate makes some contribution to the flux to 
starch (Tauberger et al., 2000). In light of recent findings of extraplastidic isoforms of 
AGPase (Beckles et al., 2001) it is also possible that a cytosolic enzyme produces ADP-
glucose which is subsequently transported into the plastid to supplement starch synthesis. 
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However, this seems unlikely, since the expression of a bacterial AGPase in the cytosol 
of potato tubers did not alter the starch content (Stark et al., 1992). AGPase is the best 
studied of the committed enzymes of starch synthesis, mainly because it has regulatory 
properties believed to be critical, in leaves at least, to the regulation of the pathway of 
starch synthesis as a whole. The enzyme has been purified from several photosynthetic 
and non-photosynthetic sources and its kinetic properties have been studied in detail 
(Preiss, 1982; Plaxton and Preiss, 1987). Furthermore, the genes that encode AGPase 
have been cloned from several sources (Anderson et al., 1989; Olive et al., 1989; Preiss 
et al., 1989) and the structure-function relationships were undertaken (Muller-Rober et 
al., 1990). 
The cyclic pathway operating between sucrose and hexose phosphate is well 
established and the production of hexose phosphate in the cytosol has been intensively 
investigated. Sucrose delivered to the tuber can be cleaved in three ways: by invertase in 
the apoplast or by either invertase or sucrose synthase (SuS) in the cytosol. In potato, the 
primary route of sucrose cleavage mirrors the mechanism of unloading, with invertase 
activities being high during the early stages of tuber initiation, whereas SuS dominates in 
the developing tuber (Appeldoorn et al., 1999). The products of sucrose cleavage enter 
into metabolism by the concerted action of fructokinase and UDP-glucose 
pyrophosphorylase (UGPase) or of fructokinase and hexokinases (Veramendi et al., 
1999; Veramendi et al., 2002) in the SuS and invertase pathways (Zrenner et al., 1996), 
respectively. The hexosephosphates produced by these reactions are equilibrated by the 
action of the cytosolic isoforms of phosphoglucoisomerase and PGM (Fernie et al., 2002a 
& b). Transgenic studies have underlined the relative importance of these routes for 
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sucrose cleavage in the developing tuber: potato plants with repressed hexokinase 
(Veramendi et al., 1999; Veramendi et al., 2002) and invertase activities (Zrenner et al., 
1996) exhibit little difference from the wild type, whereas those repressed in SuS look 
dramatically different (Zrenner et al., 1995). The importance of SuS was shown by 
antisense repression of this enzyme, resulting in a reduced starch content coupled to a 
reduced tuber dry weight and a reduction in storage proteins.  
Following uptake of carbon into the tuber amyloplast, starch synthesis proceeds via 
the concerted action of the plastidic form of PGM (Tauberger et al., 2000; Fernie et al., 
2001), AGPase and the polymerization reactions that are catalyzed by SS and SBE 
(Smith et al., 1997). It is generally accepted that the α–1, 4- linkages of starch are 
synthesized via an ADP-glucose SS. However, two earlier ideas persist in the literature 
(Smith and Martin, 1993). The first is that at least part of the flux of carbon into starch is 
catalyzed by starch phosphorylase (SP) and secondly, UDP-glucose rather than ADP-
glucose is the main nucleotide sugar used by SS. SP catalyses the readily reversible 
reaction G1P+(glucosyl) BnB=(glucosyl) Bn+1B+ phosphate. The role of SP in starch synthesis 
has been a question of debate (Steup, 1990; Nelson and Pan, 1995). SP was once 
considered the predominant enzyme catalysing starch chain elongation in maize 
endosperm (Tsai and Nelson, 1969a & b). However, interest in SP as a major starch-
biosynthetic enzyme had declined with the discovery of AGPase (Akatsuka and Nelson, 
1966). There has been a renewed interest in the SP enzyme, because studies with potato 
(Brisson et al., 1989; St-Pierre and Brisson, 1995), spinach (Duwenig et al., 1997a & b) 
and pea (van Berkel et al., 1991) have shown that the expression of plastidic SP gene 
correlates with starch biosynthesis (Mu et al., 2001). Also the identification of SP in the 
amyloplast stroma suggests that it may play some role in starch synthesis (Yu et al., 
2001). However, many researchers believe it is likely that the major, if not the only, 
function of the plastidic form of SP is in starch degradation (Steup, 1988). The view that 
UDP-glucose might be the primary sugar nucleotide involved in starch synthesis arose 
because granule-bound forms of SS can utilize both UDP-and ADP-glucoses and the 
enzymes that generate UDP-glucose (SuS and UGPase) are present in all starch-
synthesizing organs. In higher plants UDP-glucose and UGPase are invariably present at 
higher levels than ADP-glucose and AGPase (ap Rees et al., 1984; Smith et al., 1989). 
However, there is overwhelming evidence that UDP-glucose makes little or no 
contribution to starch synthesis (ap Rees, 1988); since the extent to which starch 
synthesis can utilize UDP-glucose seems to be very limited. Soluble SS cannot utilize 
UDP-glucose and the affinity of GBSS for UDP-glucose is much lower than for ADP-
glucose (Smith, 1990b). Also, it was suggested that transgenic plants with very low 
activities for AGPase showed a great reduction in rate of starch biosynthesis, indicating 
strongly that most or all of the flux of carbon into starch was through ADP-glucose 
(Sweetlove et al., 1999). Furthermore, there is least evidence that UDP-glucose is 
synthesized inside amyloplasts. In spinach leaves most or all of the UDP-glucose is in the 
cytosol (Gerhardt and Heldt, 1984), and this may well be true for plant tissue generally.       
The SS activity of plants is located both in the soluble fraction of the amyloplast 
and bound on the starch granule. The organs in which SS are best understood are the 
developing maize endosperm, developing potato tuber or the developing pea embryo. In 
maize about half of the total SS activity in crude extract is associated with starch granules 
(Macdonald and Preiss, 1985), while in potato SS activity is greater in the granule-bound 
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than the soluble fraction of potato tubers through most of their development (Hawker et 
al., 1979). Similarly pea embryos contain considerably less soluble SS than GBSS 
activity during their development (Smith et al., 1989). An amylose-free mutant (amf) of 
potato lacks the 60 kD GBSSI protein (Jacobsen et al., 1989) proving that GBSSI is the 
main enzyme synthesizing amylose. Salehuzzaman et al. (1993) characterized a cDNA 
encoding GBSSI protein in cassava and its antisense expression in potato reduced 
amylose content almost to zero. However, the expression of cassava GBSSI protein in 
amf mutants of potato only partially restored amylose indicating that potato and cassava 
GBSSI proteins have different intrinsic properties and that cassava enzyme is not fully 
adapted to the potato situation (Salehuzzaman et al., 1999). Two forms of soluble SS 
have been purified from developing pea embryos (Denyer and Smith, 1992). 
SBE catalyzes the formation of branches in starch molecules through the formation 
of α-1,6-linkages. The precise mechanism of action of the enzyme is not fully 
understood. SBE activity is confined to plastids (Smith AM., 1988) but its location within 
the plastid has not been widely studied. Relatively little is known about changes in 
activity of enzyme in relation to starch synthesis in plant organs. Since the assay methods 
are prone to interference by several components of crude extracts of plants (Smith, 
1990b), the estimation of its maximum catalytic activity is frequently unreliable. 
However, there are indications that its activity is related to the rate of starch synthesis. 
SBE activity increases markedly in the early stages of starch deposition in developing pea 
embryos (Smith et al., 1989). In many plants several isoforms of this enzyme were 
purified, characterized and the encoding genes were cloned (Salehuzzaman et al., 1992; 
Burton et al., 1995; Khoshnoodi et al., 1996). 
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SDE which catalyzes the hydrolysis of α-1,6-linkages of  glucans, is involved in 
starch degradation in plants (Steup, 1988). These enzymes are present in starch 
synthesizing as well as starch degrading organs, for example in both developing and 
germinating cereal grains, but they are generally thought to be in an inactive form during 
periods of starch synthesis (Steup, 1988). 
 
2.4.4. Regulation of starch biosynthesis 
The regulation of starch biosynthesis in higher plants is a highly complex process, 
which occurs at several different levels, and to operate in different ways in different 
organs. Several pieces of evidence suggest that the rate of starch accumulation in plant 
organs represents an equilibrium between its synthesis and degradation. Enzymes of 
starch degradation are active in starch synthesizing organs. Both plastidic and 
extraplastidic forms of SP and amylase are present in many plants (Okita and Preiss, 
1980; Ziegler, 1988). However, little is known about the degradation of starch during net 
synthesis and storage in non-photosynthetic organs (Smith and Martin, 1993). The 
regulation of starch biosynthesis in leaves is entirely different from that in non-
photosynthetic tissues. The rate of starch synthesis in leaves greatly depends on the 
changes on demand for photosynthate by the sink organs and environmentally induced 
changes in the rate of photosynthetic carbon assimilation. Changes in the phosphate to 3-
phosphoglycerate ratio will have a great effect on the enzyme activity level of AGPase, 
the first committed enzyme of starch synthesis and, this may make it an ideal candidate 
for the regulation of starch synthesis (Torres et al., 1986). However, the evidence that this 
is the primary mechanism of regulation of starch synthesis in leaves is not complete 
(Smith and Martin, 1993). Based on their studies, Neuhaus and Stitt (1990) concluded 
that, within the pathway of starch synthesis, the activity of AGPase is probably the most 
important factor in determining the flux. Sehnke et al. (2001) suggested that diurnal 
regulation of starch-biosynthetic and starch-degrading enzymes, influences both the level 
and composition of starch, and is dependent in some instances upon phosphorylation-
linked regulation. They reported that phosphoserine/threonine-binding 14-3-3 proteins 
participated in environmentally responsive phosphorylation-related regulatory functions 
in plants and as such are potentially involved in starch regulation. A reduction of 
Arabidopsis 14-3-3 proteins by antisense technology resulted in a 2 to 4-fold increase in 
leaf starch accumulation (Sehnke et al., 2001). Furthermore, as expected from the general 
complexity of the control of photosynthetic metabolism, factors outside the pathway exert 
strong negative and positive control. For example, modulation of the activity of sucrose 
phosphate synthase, leading to an altered capacity of sucrose synthesis and hence a 
change in partitioning, will play an important role (Stitt et al., 1987). Similarly SBE 
which does not catalyze any net synthesis of starch, can contribute significantly to the 
control of flux through the pathway under high light conditions (Neuhaus and Stitt, 
1990). The nature and extent of this control change dramatically with changing external 
conditions (Smith and Martin, 1993). However, the response of partitioning to 
environmental change is less well understood. 
On the other hand, regulation of starch biosynthesis in storage organs seems to be 
quite different from that in leaves. The storage organs receive their carbon as sucrose. 
Therefore, the general relationship between sucrose import and starch synthesis in starch-
storing organs and the way in which the partitioning of carbon between starch synthesis 
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and other metabolic pathways may be controlled have to be considered. Feeding 
experiments in potato and pea suggested that in starch-storing organs over half of the 
sucrose metabolized was converted to starch (Edwards and ap Rees, 1986; Oparka and 
Wright, 1988a). Cell turgor also plays a critical role and it could be of great importance in 
regulating the portioning of sucrose into starch in intact tubers of potato (Oparka and 
Wright, 1988a & b). Partitioning of carbon from sucrose between starch synthesis, other 
biosynthetic pathways and respiration occurs primarily at two points: hexose phosphate 
pools in the cytosol and the amyloplast. In the cytosol, hexose phosphate is portioned 
between the hexose phosphate translocator of the amyloplast envelope and cytosolic 
glycolysis, which provides the substrate for respiration and a host of biosynthetic 
pathways. In the amyloplast, hexose phosphate is probably partitioned primarily between 
starch synthesis and the oxidative pentose phosphate pathway (Fig. 2.2). However, the 
ignorance about the mechanism of hexose phosphate uptake, as well as the means of 
supply of ATP for starch synthesis, limits our understanding of partitioning of sucrose in 
the cytosol (Smith and Martin, 1993). Furthermore, the extent to which hexose phosphate 
is metabolized via glycolysis is not known. The fluxes of glycolytic metabolites across 
the amyloplast envelope during starch synthesis could allow the interaction of starch 
synthesis with processes which regulate the rate of entry of sucrose into glycolysis (Smith 
and Martin, 1993). Conversely, from experiments on mutant plants that had reduced 
starch content, a considerable accumulation of sucrose was observed (Edwards and ap 
Rees, 1986; Schulman and Ahokas, 1990; Wang and Hedley, 1991). This suggests that 
there is little coordinate regulation of fluxes through pathways of hexose-phosphate 
metabolism. The role of hexose phosphates in the regulation of sucrose-to-starch 
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transition, glycolysis and oxidative pentose phosphate pathway have been the subject of 
many transgenic studies in potato and have been reviewed extensively elsewhere (Stitt 
and Sonnewald, 1995; Neuhaus and Emes, 2000). Several reports indicate that there may 
be a complex indirect interaction between sucrose levels, starch synthesis and the 
synthesis of specific storage proteins (Davies, 1980; Doll, 1984). In many cases where 
starch synthesis is reduced, there is also a significant reduction in various storage proteins 
(Davies, 1980). The precise explanations for these examples are not known currently, 
however, the mechanisms, which might underlie the indirect linkage between sucrose, 
starch and other storage products can be hypothesized (Smith and Martin, 1993).    
There is no quantitative information about the partitioning of the control of starch 
synthesis in non-photosynthetic organs. Whilst the control and regulation of the starch 
synthetic pathway in photosynthetic tissue has been extensively studied (Kruckeberg et 
al., 1989; Neuhaus and Stitt, 1990; Smith et al., 1990b), it remains less well understood 
in heterotrophic tissues. In heterotrophic tissues, as in leaves, most attempts with respect 
to starch biosynthesis have been focused on AGPase. Whilst there are many studies 
providing compelling evidence that AGPase exerts considerable control over starch 
synthesis (Stark et al., 1992; Sweetlove et al., 1996a & b; Tjaden et al., 1998), it remains 
likely that this control is not absolute and that other enzymes could potentially play a role 
in the regulation of this pathway. Although regulation of AGPase is the key factor in the 
control of starch synthesis in leaves, there is no good evidence that this is so in non-
photosynthetic organs (Smith and Martin, 1993). Transgenic experiments in potato 
proved that a 4 to 5-fold increase in activity of the AGPase has no detectable effect on the 
starch content of developing or mature tubers (Sweetlove et al., 1996a & b). These 
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studies suggested that the increase in starch turnover is associated with an increase in the 
capacity of the tubers to degrade starch. However, in cassava recent studies showed that 
antisense expression of AGPase B gene in in vitro thickened stems have extremely low 
levels of starch compared to control plants (Munyikwa et al., 1998). The so-called waxy 
mutants have only low activities of GBSSI (GBSS isoform 1), yet have wild-type levels 
of starch in their storage organs, which might indicate that GBSS exerts no control over 
the rate of starch synthesis. However, the role of other isoforms of GBSS and their fates 
in waxy mutants are not known (Smith and Martin, 1993). There is limited evidence that 
soluble SS has any significant control. On the other hand, reduction in activity of SBE 
can cause substantial reductions in the rate of starch synthesis in non-photosynthetic 
organs. However, no quantitative assessment of the role of this enzyme in controlling 
flux in non-photosynthetic organs has yet been made.  
Starch structure is determined by the concerted action of several factors. The 
amylose to amylopectin ratio is likely to be determined largely by the two enzymes 
responsible for polymer synthesis, i.e. SS and SBE. Most of the available information 
about amylose synthesis comes from study of waxy mutations, which result in the loss of 
amylose component of starch. The waxy mutations are in genes that encode a GBSSI 
(Patron et al., 2002) and they result in the loss of most of the GBSS activity but have no 
effect on soluble SS activity. However, the existence of other isoforms of GBSS may cast 
some doubt on this explanation, since it is not known whether these forms synthesize 
amylose or amylopectin in wild-type plants, and how they behave in waxy mutant plants 
(Smith and Martin, 1993). Conversely the waxy mutations have almost no effect on 
aspects of starch structure other than the amylose to amylopectin ratio. The structure of 
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amylopectin in waxy mutants, for example, is the same as that of wild-type starch 
(Shannon and Garwood, 1984). However, other mutations which alter the amylose to 
amylopectin ratio have complicated effects on polymer size and structure and on granule 
morphology. The factors which determine granule morphology are not understood, but it 
is likely that changes in amylopectin branching can affect morphology through alterations 
in the nature, or degree of crystallinity, of starch. At present, the ways in which isoforms 
of SS and SBE interact to synthesize amylopectin molecule in vivo are not known. In pea 
embryos even though the mutations in the gene encoding SSII profoundly alter 
amylopectin structure and have pleiotropic effects on the activities of other isoforms of 
starch synthase, but apparently no effect on other enzymes of starch biosynthesis (Craig 
et al., 1998). It has been suggested that physical interactions between isoforms of SS and 
SBE are important in determining the structure of amylopectin during its synthesis in 
vivo. The analysis of amylose-extender (ae) mutant of rice revealed that the mutation in 
the gene for SBEIIb caused a dramatic reduction of SBEIIb activity and specifically 
altered the structure of amylopectin in the mutant along with a significant reduction in 
soluble SSI (Nishi et al., 2001). The isoforms and subunit composition of enzymes of 
starch synthesis probably change during the development of all starch-storing organs. Sun 
et al. (1998) demonstrated that the genes encoding for SBEIIa and SBEIIb are 
differentially expressed in barley. These changes will alter the partitioning of control of 
both overall flux through the pathway and the flux into particular polymer structures. The 
final amount and structure of starch in a storage organ must thus be regarded as 




2.4.5. Starch degradation 
Several starch-degrading enzymes are found abundantly in various plants. The 
enzyme α-amylase hydrolyzes starch internally at inner (1-4)-α-linkages, whereas, β-
amylase hydrolyzes amylose and amylopectin externally at the second (1-4)-α-linkages 
from the nonreducing terminal residues until near the branch linkages. On the other hand, 
SP degrades starch by phosphorolysis from their nonreducing terminal residues into 
glucose-1-phosphate. In addition to amylase and or SP, the starch debranching enzymes 
hydrolyze (1-6)-α-BDB-glucosidic linkages in starch (Hizukuri, 1996). All these enzymes 
have been isolated and characterized from various sources (Smith and Martin, 1993). The 
SP exists as dimers or tetramers of identical subunits and has similar kinetic and 
structural properties, but their regulatory mechanism may vary depending on the source 
of the enzyme. For example, rabbit muscle phosphorylase activity is regulated by both 
allosteric (e.g., AMP) and covalent controls, whereas the potato enzyme exists only in the 
active form and is unaffected by AMP (Lee, 1960). Phosphorylases from animal sources 
act on cytoplasmic granular glycogen and have a low affinity for amylose and 
amylopectin. By contrast, glycogen is a poor substrate for plant SPs (Smith, 1971), which 
degrade starch stored in chloroplasts and amyloplasts. The complete amino acid sequence 
of potato tuber SP was reported by Nakano and Fukui (1986). Although much work has 
been done on the structural and kinetic properties of plant SPs (for review, see Fukui, 
1983), little attention has been paid to the expression of their genes and the subcellular 
localization. In potato the genes for SP have been identified and its maturation and 
subcellular compartmentation has been studied extensively (Brisson et al., 1989). Given 
the important role of SP in the plant carbohydrate metabolism and the fact that its activity 
is not regulated by covalent or allosteric factors, it is important to investigate the 
abundance and subcellular localization of the enzyme throughout the development of the 
plant. Brisson et al. (1989) proved that the potato SP is nuclear-encoded and synthesized 
as a precursor containing a transit peptide. Using immuno-histochemical studies they 
demonstrated that in young tubers SP was found in the amyloplast stroma. By contrast, in 
mature tubers, SP was found in the cell cytoplasm. 
 
2.5. Starch manipulation and its potential applications  
The use of genetic manipulation of starch biosynthesis in cultivated crops has 
several agronomical, industrial and food applications. Recently various transgenic 
approaches focused primarily on the modulation of sucrose metabolism (Sonnewald et 
al., 1997; Trethewey et al., 2001) or on the manipulation of the amyloplast starch 
synthesis pathway (Stark et al., 1992; Tjaden et al., 1998) in order to increase starch 
accumulation. To date, the most successful approaches have been those targeted at the 
amyloplast-localized reactions with plants overproducing either an unregulated bacterial 
AGPase (Stark et al., 1992) or the Arabidopsis ATP-ADP translocator from amyloplast 
(Tjaden et al., 1998), both of which led to a marked increase (up to 150%) in starch 
accumulation of potato tuber. The reduction of starch-biosynthetic capacity and alteration 
of starch content are agronomically desirable for many reasons. First, a reduced flux of 
carbon into starch in a storage organ may allow increased synthesis of other storage 
products such as lipid and protein. This could enhance the nutritional properties or 
industrial value of the organ. The reduction in SBE activity results in a decrease in starch 
content of the storage organ, an increase in its sucrose and lipid contents, and an 
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alteration in its storage protein composition (Bhattacharyya et al., 1990). These changes 
are of commercial importance: wild-type pea seeds are grown primarily for animal feed 
whereas the sweeter and more palatable mutant seeds are used for direct human 
consumption (Smith and Martin, 1993). Fructans, for example, are synthesized directly 
from sucrose. A starch-storing organ rendered starch-free by genetic manipulation might 
be converted to a fructan-storing organ by further manipulation. An ability to increase 
starch accumulation through genetic manipulation could potentially improve the 
agronomic value of starch-storing organ by increasing their dry matter content. This 
would be of particular value in crops like potato and cassava. Recently in potato starch 
biosynthesis was engineered to direct fructose production by expressing a bifunctional α-
amylase/glucose isomerase gene complex (Beaujean et al., 2000).  
Altering starch structure by genetic modifications is important, as it could reduce 
dependence on chemical modification of starch for industrial use, and it might generate 
starches with novel physical properties and hence new sorts of industrial applications. In 
potato alteration of starch structure by genetic manipulation has been reported (Visser et 
al., 1991). Attempts were also made to produce cyclodextrins from starch in potato tubers 
by introduction of a bacterial gene encoding cyclodextrin glycosyltransferase 
(Shewmaker et al., 1991). However, genetic manipulation of starch structure may have 
some undesirable side effects such as reduced rate of starch synthesis and hence poor 
yield. Therefore if reliable methods of increasing the yield of starch through genetic 
manipulation can be established, it may be possible to use them to compensate for any 
loss of yield incurred through alteration of structure. However, much work needs to be 
done to achieve these ends. 
Chapter 3. Biosynthesis, accumulation and translocation of 
cyanogenic glucosides in growing cassava plants  
 
3.1. Introduction 
Improving the effectiveness of various techniques to reduce cyanogens from 
cassava-based food has been one of the strategies to promote safety in cassava 
consumption. Genetic engineering can complement traditional cassava breeding 
programs in several areas, including breeding to reduce the content of cyanogenic 
glucosides (Koch et al., 1994). Successful reports of genetic transformation in cassava 
(Li et al., 1996; Schopke et al., 1996; Raemakers et al., 1997) indicate the possibility of 
using genetic engineering in cassava breeding programs. However, transgenic approaches 
to reduce cyanogen content in storage roots of cassava require effective promoters for the 
functional foreign genes in cassava. Accordingly, a thorough understanding of the 
translocation of cyanogens is needed in order to design a tissue-specific promoter. 
Linamarin is the major cyanogenic glucoside in cassava. It accounts for about 95% 
of the total cyanogen content and is present in all tissues (Balagopalan et al., 1988) with 
the exception of seeds. Different varieties of cassava may show characteristic levels of 
cyanogens in the storage roots, and the relationship between the leaf and storage root 
linamarin is not fully understood (Makame et al., 1987; Koch et al., 1992). Besides 
tissue-specific differences (White et al., 1998), there are cultivar-dependent differences in 
root cyanogen level (Iglesias et al., 2002). Although there was no strong correlation 
found between the linamarin level in leaves and storage roots (Mkpong et al., 1990; 
McMahon and Sayre, 1993), it had been assumed that cyanogenic glucosides are 
 47
synthesized in the shoot and translocated to the roots (De Bruijn, 1973; Selmar, 1994). 
However, the mechanism of this proposed transport is still unknown. Any apoplasmic 
transport of linamarin was excluded because of the presence of hydrolytic enzyme 
linamarase in the cell wall (White et al., 1994). Selmar (1994) reported that linamarin 
could be transported either symplasmically via the phloem or apoplasmically as the non-
hydrolyzable form, linustatin. However, the evidence to support the linustatin pathway is 
still lacking in cassava. On the other hand, several reports showed that root tissues were 
able to synthesize linamarin (Du L. et al., 1994; White et al., 1994). There were also 
contradictory reports on the presence of linustatin in mature cassava tissues. Linustatin 
has been detected in mature cassava, but the quantities were exceedingly low (Selmar, 
1994), whereas several other investigators failed to detect linustatin in mature cassava 
tissues (Bainbridge et al., 1993; McMahon and Sayer, 1993; White et al., 1994). There 
are also conflicting reports on the presence of linamarin and linustatin in phloem 
exudates (Selmar, 1994; Pereira and Splittstoesser, 1987; Calatayud et al., 1994) leading 
to severe confusion over any possible symplasmic transport of linamarin. 
The main objective of the present study was to investigate the intrinsic factors that 
control and regulate the transport and accumulation of linamarin in the storage roots of 
cassava. The linamarin content and its biosynthesis in different tissues of growing 
cassava plants were analyzed at various growth periods to enhance our understanding of 
linamarin transport in growing plants. Furthermore, an in vitro grafting technique was 





3.2. Materials and methods 
3.2.1. Plant materials 
Both field and in vitro grown plants were used for this study. These plants include 
eight cassava varieties (PRC 377, PRC 443, PRC 476, PRC 60a, PRC 329, PRC 2, Putih 
and Green Twig). All field-grown plants were raised from stem cuttings of 2-3 nodes and 
maintained in the garden of the Department of Biological Sciences, National University 
of Singapore. The cassava leaves at different positions, counting from the shoot apex of 
the plant, were collected for analysis of linamarin content.   
For the in vitro grown plants (Joseph T. et al., 1999), shoot cuttings with single 
node (variety PRC 60a), originating from in vitro cultures were planted in GA7 PTMP vessels 
(Magenta Corporation, USA) containing 70 ml Murashige and Skoog (MS) medium 
(Murashige and Skoog, 1962) supplemented with 2% (w/v) sucrose and 0.8% (w/v) 
BitekPTMP Agar (Difco laboratories, USA). The pH of the culture medium was adjusted to 
5.8 before autoclaving. All cultures were maintained at 25°C under 16 h photoperiod 
(36±5 µmol photon mP-2 P s P-1 P) unless otherwise stated.  
 
3.2.2. Determination of linamarin content of the tissues 
The linamarin content of the leaves, non-storage roots, storage root phelloderm and 
storage root parenchyma were analyzed for the variety PRC 60a using the enzyme 
dipstick method (Yeoh and Egan, 1997; Yeoh et al., 1998). Plant tissues (0.1 g) were 
homogenized in 2 ml of 0.2 M phosphoric acid and the homogenate filtered through a 
Whatman No. 1 filter paper. The filtrate (0.4 ml) was then mixed with 0.1 ml of 2 M 
KB2 BHPOB4 Bin a screw cap bottle and the enzyme-based dipstick was inserted and the bottle 
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was immediately closed airtight. The bottles were left at room temperature (26-30ºC) 
overnight (18-20 h). HCN liberated was measured spectrophotometrically by eluting the 
chromophore from picrate paper into 2.5 ml of water and absorbance measured at 510 
nm. Linamarin content was expressed as mg HCN equivalent/gFW of tissue. In the case 
of root tissues, all storage roots from a plant were pooled and only one sample from the 
midsection of the storage root was used for the analysis. This is to take into consideration 
the existence of both longitudinal and transverse gradients in linamarin content in the 
cassava roots as well as variations between roots from the same plant (Cooke, 1978; 
Cooke et al., 1978; Bradbury et al., 1991). For each sample preparation, 5-6 replicate 
extractions per plant were prepared. For the rest of the cassava varieties (PRC 377, PRC 
443, PRC 476, PRC 329, PRC 2, Putih and Green Twig), only the leaf linamarin content 
was determined.   
 
3.2.3. In vivo biosynthesis of linamarin in cassava tissues  
Cassava tissues (0.1 g) such as leaf, petiole, stem and root from 1-month-old field 
grown plants derived from stem cuttings (variety PRC 60a) were placed in septum-
covered vials containing 3 µCi [U- P14 PC]-valine (specific activity-266 mCi mmol P-1 P) in 170 
µl of 50 mM tricine buffer, pH 7.9. Five replicate experiments per tissue type were 
performed. After overnight incubation at 30°C, the radioactivity of P14PC-labelled linamarin 
from each tissue was determined by trapping the HP14 PCN liberated into a picrate paper by 
using the enzyme dipstick method of linamarin determination (Yeoh and Egan, 1997). 
The picrate paper was immersed in 5 ml scintillation fluid (BCS, Amersham) and counted 
for 60 seconds with a Beckmann scintillation counter.   
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3.2.4. Rate of in vivo biosynthesis of linamarin in various tissues 
To determine the rate of linamarin biosynthesis, different cassava tissues (0.1 g) of 
field grown 1-, 3-and 10-month-old plants (variety PRC 60a) were labelled with [U-P14 PC]-
valine. For leaf tissues, the leaflets were cut into narrow strips 1-3 mm wide. For the 
storage root, the tissues were taken from the midsections of the root. The rind of the 
storage root was peeled out and the phelloderm tissues were cut into small rectangular 
pieces (3 mm × 5 mm size). The storage root parenchyma tissues and non-storage 
secondary roots were also cut into small pieces. The tissues were then incubated 
separately with 3 µCi [U- P14PC]-valine in 1 ml of 50 mM tricine buffer, pH 7.9. The tissues 
were removed at 4 h intervals and the radioactivity of P14PC-labelled linamarin was 
determined as described above. All experiments were repeated at least five times. 
 
3.2.5. Micrografting and P14PC-labelling 
For micrografting studies rootstocks were prepared from 2-month-old in vitro 
plantlets of cassava variety PRC 60a. Young healthy shoots from these plantlets were 
rooted in agar-solidified MS medium. For the scion, stem cuttings were grown in MS 
solid medium for about 5-weeks and the upper 2-3 cm of the shoot tips with two fully 
opened and one unopened leaves were excised and used. Radiolabelled rootstocks and 
scions were obtained by adding 10 ml of liquid MS medium containing 5 µCi of [U- P14PC]-
valine to the cultures one week before micrografting.  
The rootstocks with roots of 1-2 cm long were decapitated below the nodal region 
and the basal portion was used. A longitudinal incision of about 0.5 cm was made at the 
cut end of the rootstock for the insertion of a scion wedge. Micrograftings were done in 
two different combinations- (a) 14C-valine labelled scion on unlabelled rootstock 
(designated as S+/R-) and (b) unlabelled scion on 14C-valine labelled rootstock 
(designated as S-/R+). About 20-25 micrografts were made for each combination. The 
unlabelled micrografted plantlets were used as the controls. All micrografted plantlets 
were then cultured on agar solidified MS medium and incubated under 16 h photoperiod. 
Two weeks later, half of the 14C-valine labelled micrografted plants from each 
combination was transferred to fresh sucrose-free MS medium and maintained under the 
same growth conditions. After 4- and 9-weeks of micrografting, the radioactivity of 14C-
labelled linamarin from tissues was determined as described in section 3.2.3. Total 
radioactivity of 14C-incorporated into the tissues was determined by putting the tissues in 
the scintillation fluid and subjecting it to scintillation spectrometry in a Beckman 
scintillation counter. Each experiment was performed with at least three replicates.  
 
3.3. Results and discussion 
3.3.1. Leaf age and linamarin level of field grown plants 
The linamarin content of leaves of different ages for eight varieties of cassava was 
investigated (Table 3.1). It was observed that the linamarin content ranged from 0.20-
1.32 mg HCN equivalent/gFW in the first fully opened leaf of different varieties. The leaf 
linamarin content decreased with leaf age, irrespective of the varietal type. In general 
there was 50-75% reduction of linamarin content in the mature leaves compared to the 
first leaves, except the variety Green Twig, in which the reduction was almost 100%. The 
variety PRC 60a exhibited the highest linamarin level in leaf tissues (e.g. 1.32 mg HCN 







Table 3.1. Leaf position and linamarin content in leaf tissues of different varieties of 
cassava.  
 
Linamarin content (mg HCN equivalent/gFW±SE)* 
 
Position of fully expanded leaves from shoot apex 
 
Variety 












PRC 443 0.61±0.11a 0.37±0.04b 0.30±0.09c 0.26±0.09d 
PRC 476 0.50±0.11a 0.42±0.03b 0.40±0.07b 0.42±0.04b 
PRC 60a 1.32±0.07a 0.76±0.07b 0.72±0.03b 0.70±0.11b 
PRC 329 0.91±0.11a 0.82±0.11b 0.59±0.10c 0.44±0.09d 
PRC 2 0.33±0.02a 0.25±0.04b 0.16±0.02c 0.09±0.02d 
Putih 0.20±0.03a 0.11±0.02b 0.08±0.03c 0.07±0.01d 
Green Twig 0.32±0.02a 0.16±0.01b 0.03±0.01c 0.01±0.00d 
 
*Tukey’s pairwise comparisons (one way ANOVA) were made only for leaves of 
different positions. Samples were taken from 6-month-old-plants. Values followed by 
different letters in rows are significantly different at p=0.005. (n=5). 
selected for the rest of the studies. In varieties PRC 2, Putih, and Green Twig, the older 
leaves (leaves 11 & 16) exhibited very little linamarin content (0.09, 0.07, 0.01 mg HCN 
equivalent/gFW, respectively for leaf 16). 
White et al. (1994) observed that the leaves of a highly cyanogenic cultivar 
synthesized linamarin at twice the rate of leaves from much lower cyanogenic cultivars. 
However, as the plants aged, leaves of similar positions on older plants did not synthesize 
linamarin from externally applied 14C-valine. The present study with cassava varieties of 
high and low potential for cyanogens indicates that the ageing process could have a direct 
effect on the leaf linamarin level. In all these cases the linamarin level of mature leaves 
decreased significantly relative to the younger ones (Table 3.1). In contrast to this the 
14C-valine labelled studies with isolated leaf protoplasts from young and old leaves of 
both high and low cyanogenic cassava varieties revealed that all showed similar rates of 
linamarin synthesis (McMahon and Sayre, 1995). These results suggested that the 
differences in valine loading or metabolism in intact leaves might account for the age and 
cultivar-dependent difference in the linamarin synthesis in intact leaves. Moreover, the 
availability of valine in the general metabolic pool of the intact plant might vary during 
different growth periods (McMahon and Sayre, 1995). 
 
3.3.2. Linamarin content and biosynthesis in various tissues  
The linamarin level and biosynthesis in different tissues of field-grown cassava 
plants were studied. It was found that the linamarin biosynthesis varied in the cassava 
plant tissues during different growth phases. Linamarin was detected in leaves and non-





Table 3.2. Linamarin content in various tissues of field grown plants of cassava variety 
PRC 60a. Stem cuttings with two to three nodes were rooted in soil and grown for 1-, 3- 
and 10-months. Six samples each were taken from six different plants for analysis. 
 
 
Linamarin content (mg HCN equivalent/gFW ±SE)** 
 
Age of plants (months) 
Tissue 
1 3 10 
    
Young leaf 0.79±0.07a 1.21±0.06b 0.82±0.05a 
Non-storage root 0.12±0.03c 0.16±0.01cd 0.21±0.01d 
Storage root 
phelloderm 
* 1.08±0.07e 0.78±0.05a 
Storage root  
parenchyma 
* 0.38±0.02f 0.24±0.04dg 
 
*no storage root formation  
**Tukey’s pairwise comparisons (one way ANOVA) were made for all samples. Values 
followed by different letters in the whole table are significantly different at p=0.005.
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leaf linamarin content (0.79±0.07 mg HCN equivalent/gFW) was about six times higher 
than the root linamarin content (0.12±0.03 mg HCN equivalent /gFW) (Table 3.2). At 
this stage, storage roots were not formed in these plants. Storage root formation was 
observed in 3-month-old plants and as expected the yield and size of the storage roots 
were smaller than those of the 10-month-old plants. The linamarin content in leaves 
remained fairly constant during the active growth period of the plant even though it 
showed the maximum level after 3-months of growth (1.21 mg HCN equivalent/gFW) 
(Table 3.2). The linamarin content of storage root parenchyma was around 3-folds lower 
than the storage root phelloderm. However, the linamarin level was almost the same in 
the young leaves and storage root phelloderm after 10-months of growth. Compared to 
other plants, the 3-month-old plants exhibited the highest level of linamarin in their 
tissues except in the non-storage roots (Table 3.2). The maximum linamarin level in 
storage roots was observed in the 3-month-old plants indicating that linamarin 
biosynthesis also accelerated with the active growth phase of the plant. In contrast, the 
linamarin content of the non-storage roots increased during the ageing process of the 
plant (Table 3.2), indicating that such root tissues had some other metabolic mechanisms 
to accumulate linamarin. This could be explained on the basis of biosynthesis and 
accumulation of linamarin and very little biomass allocation in these roots. Compared to 
3-month-old plants, the decline in linamarin level in the storage root parenchyma as well 
as the phelloderm of 10-month-old plants might be associated with active tuber bulking 
and dry matter allocation in these roots (Nambisan, 1993). The difference in the 
linamarin content in the storage root phelloderm (rind) and root parenchyma tissues 
might be due to differences in the biosynthesis of linamarin in these tissues. If 
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translocation of linamarin was indeed taking place, it would appear that there might be a 
differential transport between rind and parenchyma tissues or an efficient metabolizing 
mechanism in parenchyma tissues, which prevented high accumulation of any transported 
linamarin (Nambisan, 1993). 
It is known that, with the exception of seeds, all other tissues of the cassava plant 
contain linamarin (McMahon et al., 1995). However, Joseph T. et al. (1999) could not 
detect linamarin in callus tissues and somatic embryos. McMahon and Sayre (1995) 
investigated the ability of leaves and roots to synthesize linamarin and/or linustatin from 
P
14
PC-valine. After 48 h incubation with P14PC-valine, they demonstrated that intact leaves 
were capable of synthesizing linamarin, however, no linustatin was detected in either leaf 
or petiolar (transported) extracts regardless of cultivar (high or low cyanogen) type.  
 
3.3.3. In vivo biosynthesis of linamarin in cassava tissues 
To further study whether there was any relation between the leaf linamarin 
synthesis and root linamarin content, the rate of biosynthesis of linamarin in various 
tissues (Fig. 3.1) was investigated. By using the P14PC-valine labelling studies, it was 
observed that in addition to leaf and root tissues, the stem and petiole tissues also could 
biosynthesize linamarin to varying amounts. Hence in growing cassava plants all tissues 
could biosynthesize linamarin at different levels. Leaf tissues exhibited the highest P14 PC-
linamarin level (23.0±2.0 × 10P-6 P mmol/gFW) after overnight incubation of tissues, 
whereas the root tissues showed the least (10.0±1.0 × 10P-6 P mmol/gFW). The petiole and 















Fig. 3.1. Biosynthesis of linamarin in various tissues of field grown cassava plants (variety PRC 60a) after incubation with P14 PC valine. (■- 
young leaves; ●- non-storage root; ▲- storage root phelloderm; r- storage root parenchyma). For different tissues one sample each from 






































































































Hours after P14PC valine incubation Hours after P14 PC valine incubation Hours after P14PC valine incubation 
1-month-old plants 3-month-old plants 10-month-old plants 
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The rate of biosynthesis of linamarin in cassava leaves was comparable to that of storage 
root phelloderm, but storage root parenchyma and non-storage roots showed low rate of 
biosynthesis (Fig. 3.1). In 1- and 10-month-old plants the rate of biosynthesis of 
linamarin in leaves was maximum after about 20 h of 14C-valine incubation (Fig. 3.1a, 
3.1c). However, in 3-month-old plants the rate of biosynthesis of leaf linamarin reached a 
maximum after 16 h of 14C-valine incubation (Fig. 3.1b). It was also observed that after 
16-20 h of incubation with the precursor 14C-valine, the rate of linamarin production in 
the leaves decreased to a certain extent (Fig. 3.1). The reason for this phenomenon was 
unknown but could reflect mobilization of linamarin in the tissues for other metabolic 
processes (Selmar et al., 1988; 1990). On the other hand, root tissues of 3- and 10-month- 
old plants showed a general trend of increasing biosynthesis with increasing time of 
incubation (Fig. 3.1b, 3.1c). Tissues from 3-month-old cassava plants showed high rates 
of biosynthesis than 1- and 10-month-old plants (Fig. 3.1 b).  
Consistent with results on the level of linamarin level, the rates of biosynthesis 
were always higher in leaves than in the roots (Table 3.2; Fig. 3.1). The phelloderm of 
storage root showed higher linamarin biosynthetic activity than the storage root 
parenchyma. This observation might account for the higher linamarin level of rind than of 
the parenchyma tissues in mature cassava storage roots. Alternatively, the difference in 
the positive effect of increased incubation time on the extent of biosynthesis of various 
tissues might be due to the difference in the rate of uptake of 14C-valine by the cells. 
Storage tissue cells have high starch content. As the cells might increase in size when 
starch accumulates, the actual number of cells in a given weight of tissue would decrease, 
which might lead to an apparently reduced synthesis rate in such tissues. Hence it was 
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also possible that in developing storage roots the increase in biomass and the dilution 
effect from this might lead to low biosynthetic activity measurements when weight was 
used as a standard for sample preparation. Another possible cause for reduced linamarin 
level in the storage root parenchyma was its turnover. All cassava tissues are capable of 
metabolizing linamarin, as the linamarin hydrolyzing enzymes linamarase and α-
hydroxynitrile lyase are present in various tissues. However, neither acetone cyanohydrin 
nor cyanide is detectable in the intact tissues, indicating its possible detoxification and 
probable conversion to less toxic/non toxic compounds (Nambisan and Sundaresan, 
1994). Detoxification of cyanide, liberated through linamarin metabolism, involves 
conversion to either β-cyanoalanine by the action of enzyme β-cyanoalanine synthase or 
thiocyanate by the action of rhodanese. But very low levels of rhodanese (Nambisan and 
Sundaresan, 1994) and limitation in the supply of sulphur in storage root tissues result in 
very low conversion of cyanide to thiocyanate (Elias et al., 1997). In storage root tissues 
the β-cyanoalanine will be further converted to asparagine by the enzyme β-cyanoalanine 
hydrolase. Although translocation of linamarin takes place from leaves to roots, there is 
no progressive accumulation of linamarin in storage roots. This suggests that linamarin is 
not stored passively in the tissue, but is mobilized and utilized. However, the extent to 
which these catabolic reactions occur in intact storage root tissue are not known. The 
decrease in rate of linamarin biosynthesis in 10-month-old plants might also be related to 
the ageing process.  
Nevertheless, the above observations do not necessarily imply that changes in rate 
of biosynthesis in the different tissues are due to the difference in the inherent capacity 
for biosynthesis of the glucoside in such tissues. All measurements of the rate of 
biosynthesis were made on a fresh weight basis in growing tissues. Changes in 
radioactivity in various components represented differences in the rates of synthesis and 
turnover, or differences attributed to dilution of the label as the plant grew in fresh weight 
and volume. Therefore, the data provided for the rate of biosynthesis might not be the 
real situation, since there was a possibility of differences in availability of labelled 
precursor molecules to various tissues and organs, due to difference in their surface 
structures, diffusion resistance and concentration of endogenous and unlabelled valine 
molecules. Therefore, the differences in the amount of incorporation might not be a 
reliable measurement for the rate of biosynthesis in different tissues. This was evident 
from the data obtained in the present study. From Table 3.1 it is clear that an average 
level of linamarin in cassava leaves (PRC 60a) was about 0.87 mg HCN/gFW. This was 
equivalent to around 30 µmol linamarin/gFW. Even when we assume that this amount 
was synthesized within one month, there must be a rate of biosynthesis of about 30 
µmol/30days/gFW occurring in the plants. That translated into nearly 1 µmol/day/gFW 
tissue. From the present biosynthesis studies we estimated the value to be 0.023 
µmol/gFW in the leaf tissues. The real rate of biosynthesis was obviously over 40 times 
higher than those rate detected by the incubation of tissues with 14C-valine. This might 
not be really unusual, because of the labelled precursors used were not available in 
sufficient concentrations at the actual site of biosynthesis due to large resistances to 
diffusion, which differed among tissues. 
Using secondary roots of young plants from low and high cyanogenic cultivars, 
McMahon and Sayre (1995) observed that they were capable of synthesizing linamarin at 
rates equivalent to leaves of high cyanogenic cultivars. As in the case of intact leaves, 
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however, intact secondary roots of older plants (8-month-old) synthesized linamarin at 
one-tenth of the rate of the young (1.5-month-old) plants. In contrast to these results, it 
was obsereved in this study that in the secondary non-storage roots the rate of linamarin 
synthesis was lower than in the leaves (Fig. 3.1). Moreover, the 10-month-old plants 
showed maximum linamarin levels in their secondary non-storage roots comparable to 
that in the non-storage roots of younger plants. The linamarin level in the young leaves 
and storage root phelloderm also showed only slight differences (Table 3.2). This study 
demonstrated that the storage root phelloderm was capable of synthesizing linamarin at 
rates almost as great as those of the leaves (Fig. 3.1).  
 
3.3.4. Growth characteristics and movement of labelled products in the micrografted 
plants 
A preliminary experiment was carried out on normal 5-week-old plantlets in 
culture, to determine the 14C-valine uptake by the growing plantlets in culture. 14C-
labelled linamarin was detected in plantlets fed with 14C-valine. The highest 
incorporation into 14C-linamarin in different cassava tissues was seen in 5-week-old 
plantlets growing in vitro, after a 3-day incubation with 14C-valine. No significant 
increase in 14C-linamarin levels in the tissues was observed for plantlets fed with 14C-
valine for more than 3-days.  
For the grafted plantlets, callus was observed at the graft union one week after 
micrografting. After 3-weeks, development of new shoot tip and leaves was observed on 
the grafted plantlets (Fig. 3.2). After 4- and 9-weeks of growth, 14C-labelled linamarin 

























Fig. 3.2. Micrografted plant of cassava (variety PRC 60a) after 12-days of growth. Arrow 
indicates grafted region. 
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was not detected in the unlabelled scion or rootstock tissues even after 9 weeks of growth 
in sucrose-containing and sucrose-free culture media. However, it was found that in both 
graft combinations some radioactive compounds were transported in both directions, i.e. 
from scion to stock as well as from stock to scion (Table 3.3) after the graft union took 
place. The level of these unidentified 14C-labelled compounds was very low ranging from 
1-5 nCi/gFW tissue. It was also observed that the 14C-linamarin and the total radioactivity 
of the labelled tissues decreased during the growth period (Table 3.3). 
McMahon and Sayre (1995) observed that there was no linustatin synthesis after 
incubation of the leaves and roots with 14C-valine. They suggested that differential 
linustatin transport probably did not account for cultivar-dependent differences in the root 
cyanogenic potentials. The present results on micrografting studies revealed that after 4-
weeks of growth, linamarin transport was not detected from leaves to roots or vice versa. 
The results were the same in 9-week-old grafted plantlets. It was found that in cucurbit 
heterografts 5-8 days were found to be sufficient for uniting the cambial tissues and 
establishing cytoplasmic continuity and translocation of assimilates across the graft union 
(Kollmann and Glockmann, 1991). The absence of 14C-linamarin in the rootstock showed 
that there was no linamarin transport occurring in the grafted plantlets from leaves to root 
even though an effective photosynthetic assimilate transport existed. One possible 
concern over the use of in vitro plants in the grafting experiments was that these plants 
were cultured on a medium containing sucrose and thereafter, like most other in vitro 
cultures, would probably be heterotrophic. Under these conditions, sink-source 
relationships were likely to be very different from those in photosynthetically active
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 Table 3.3. Radioactivity (nCi/gFW) of all 14C-incorporated compounds and 14C-linamarin in micrografted plants of cassava variety PRC 
60a. Data represent the average of three independent experiments. 
 
  Cultures in sucrose medium Cultures in sucrose-free medium 
Graft 
combination*
Plant tissue 4-weeks after grafting 9-weeks after grafting 4-weeks after grafting 9-weeks after grafting 
















          
 Shoot apex ND 42 ND 28 ND 56 ND 36 
 Scion leaf 21 205 11 163 26 287 18 174 
 Scion petiole 14 85 4 71 11 101 7 91 
S+/R Scion stem 16 112 3 74 16 114 3 82 
          
 Stock stem ND 5 ND 5 ND 12 ND 14 
 Stock root ND 3 ND 3 ND 5 ND 2 
          
          
 Scion leaf ND 3 ND 2 ND 9 ND 3 
 Scion petiole ND 3 ND 1 ND 4 ND 1 
S-/ R+ Scion stem ND 2 ND 1 ND 6 ND 2 
          
 Stock stem 18 98 4 67 13 92 5 84 
 Stock root 6 39 3 14 6 46 3 19 
          
 
*S+/R-: C14-labelled scion/unlabelled rootstock 
S-/ R+: unlabelled scion/ C14-labelled rootstock 
ND: not detected 
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plants. Thus, translocation of assimilates from the leaves to roots in these plants might 
also be very different from that in soil-grown plants. To address this concern, 14C-valine 
labelled micrografted plants were cultured in sucrose-free medium. The results showed 
that in these plants too, 14C-linamarin was not detected in the unlabelled tissues (Table 
3.3). However, photosynthetic assimilate transport from leaves to roots of these plants 
was quite evident, since without that the 9-week-old grafted plants could not have 
promoted further growth of the root system. On the other hand, it was observed that some 
14C-labelled molecules were transported in both directions in the two graft combinations 
(Table 3.2). Two possible scenarios could be considered for the decrease in 14C-labelled 
linamarin and total radioactivity in the 9-week-old grafted plantlets of both combinations. 
First, the 14C-labelled linamarin could be degraded into some other molecules, or used by 
other metabolic processes during the active growth phase. As indicated in Table 3.1 the 
linamarin level was found to be lower in leaves during the ageing process, and this might 
be due to the degradation of the glucoside into some other metabolic products. Secondly, 
the biomass of the plantlets increased substantially and the 14C-labelled linamarin could 
be equally dispersed after degradation. This was evident from the finding that the shoot 
apex of S+/R- plants contained 14C-labelled molecules in the 4-week and 9-week-old 
plantlets, but no 14C-labelled linamarin (Table 3.3). However, during the ageing process, 
it was not clear if there was any difference in the availability of valine in the general 
metabolic pool of a growing plant, and thereby any difference in production of linamarin 
and a subsequent translocation between the organs. 
The biochemical and physiological basis by which linamarin could be transported 
from the shoot to root, and cultivar-dependent differences in root linamarin content, are 
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not fully resolved, and they remain controversial in the study of cyanogenesis in cassava. 
Results from stem-girdling experiments (De Bruijn, 1973) and reciprocal grafting 
experiments between high and low cyanogenic varieties of cassava (Makame et al., 1987) 
suggested that linamarin could have been transported from shoots to roots, and the 
linamarin level of roots might be due to the contributions from the shoots. This idea was 
also supported by 14C-labelling studies with germinating seedlings showing that the 
primary roots did not synthesize linamarin (Koch et al., 1992). Discovery of linamarase 
activity in the apoplasmic space gave rise to the idea that transport of linamarin might be 
either totally symplasmic, or the linamarin must be protected from hydrolysis during 
passage through the apoplasm (White et al., 1994). The latter hypothesis involving the 
linustatin pathway for apoplasmic transport of linamarin was demonstrated in Hevea 
(Koch et al., 1992; Selmar et al., 1988; Selmar, 1993). However, evidence to support 
such a transport mechanism in mature cassava is currently lacking. There were 
contradictory reports on the presence of linustatin in growing and in mature cassava 
tissues (White et al., 1994; Selmar, 1994; Bainbridge et al., 1993; McMahon and Sayre, 
1993). Likewise, the presence of linamarin or linustatin in phloem exudates is not fully 
confirmed, since there are also conflicting findings (Selmar, 1994; Pereira and 
Splittstoesser, 1987; Calatayud et al., 1994). There are only a few studies on translocation 
of cyanogenic glucosides within plant tissues. In Phaseolus lunatus it was reported that 
cyanogenic glucosides were transported from cotyledons to the developing first true 
leaves (Clegg et al., 1979). Grutzmacher et al. (1990) observed similar changes for the 
HCN potential of Dimorphotheca sinuate, suggesting that cyanogens were translocated 
from one leaf generation to the other. In Hevea brasiliensis, cyanogenic glucosides were 
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transported from old leaves to the growing ones (Lieberei et al., 1985). In contrast to the 
stem ringing experiments of De Bruijn (1973), the ringing of storage roots did not show 
any cyanogen increase in the root phelloderm (Nambisan, 1993). 
It had been assumed that the varietal differences in the cyanogenic glucoside 
content of cassava roots must be attributed to difference in the catabolism of cyanogenic 
glucosides in the roots, since leaf steady state levels of linamarin were almost similar in 
low and high cyanide varieties (Mkpong et al., 1990). There was no, or only weak, 
correlation in linamarin content between the leaves and roots (Mkpong et al., 1990; 
Nambisan and Sundaresan, 1994). Likewise, the distribution of linamarase also varies in 
different tissues. The leaves of cassava may have 3-50 fold higher levels of linamarase 
activity compared to roots (Yeoh, 1989; Mkpong et al., 1990). Furthermore, there are 
tissue-specific differences in the linamarase levels within the same plant organ. The root 
peel may have a 15-fold higher linamarase activity than root parenchyma (Yeoh, 1989). 
While the linamarin content of leaves differs only slightly regardless of varietal type (low 
or high cyanogenic varieties), the root linamarin content may vary by 200-fold (Yeoh et 
al., 1998) and distribution of linamarin in roots is not uniform. The root peel typically has 
a higher (up to 12-fold) linamarin concentration than root parenchyma (Balagopalan et 
al., 1988; Bradbury et al., 1991). In general, it appears that biosynthesis, translocation 





The differences in linamarin content between various tissues of cassava might be 
partly attributed to the differential biosynthesis of linamarin in those tissues. The 
differential biosynthesis of linamarin in root tissues might account for cultivar related 
difference in root linamarin level. However, this has yet to be investigated by more 
reliable methods to analyze the rate of biosynthesis, sink-source relationship and 
metabolic flux as well as translocation between the tissues. Even though the data 
provided here are not conclusive to prove that the linamarin transport does not occur in 
the growing grafted plantlets, they do not preclude the individual tissue role in 
biosynthesizing the glucoside. The possibility that the linamarin content of the root is 
determined partly by its own capacity to synthesize the glucoside, and partly by 
translocation from leaves has been discussed. Based on the present findings, it is 
proposed that it would be useful to adopt a constitutive promoter in transgenic 
experiments in order to reduce the cyanogen content of the storage roots. 
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Chapter 4. Somatic embryogenesis, induced mutations and 
attempts for genetic transformation in cassava 
 
4.1. Introduction 
Cassava is the fourth most important calorie source in the tropical and subtropical 
regions. Its starchy roots produce more calories per unit of land than any other crops in 
the world, except perhaps sugarcane. In most breeding programs on cassava, increase of 
yield, reduction of HCN content and disease resistance were the main goals (Bai et al., 
1993). Since self-pollination is almost impossible, cross-pollination is the commonly 
adopted breeding method. Cassava comprises both diploid and tetraploid forms 
(2n=2x=18 and 2n=4x=36, respectively; Nassar, 1980; 1984). However, all commercial 
cultivars, with the exception of some native varieties cultivated in Latin America, are 
tetraploids (Nassar, 1980; 1984). The crop is vegetatively propagated through stem 
cuttings, since propagation by seeds is hindered by the extremely high heterozygosity, 
frequently accompanied by failures in flowering, fruit and seed set (Veltkamp, 1986). 
Cassava breeding is a difficult task, mainly because of the tetrasomic inheritance of 
characters due to the allopolyploid nature, self-incompatibility and male sterility 
frequently occurring in many varieties and low natural fertility of the plant (Nassar, 1980; 
1984). Such difficulties of incorporating useful and desirable traits in one genotype limit 
the possibility of obtaining new cultivars responding better to different environmental 
and pathological conditions. The advances made in plant cell and tissue culture, the use 
of mutagenesis and in vitro-induced mutations and the transfer of foreign genes by 
recombinant-DNA technologies, should provide a new impetus to the breeding works in 
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crop plants, including cassava (Ancorra and Sonnino, 1987; Raemakers et al., 1997; 
Joseph T. et al., 1999; Manzanilla-Ramirez et al., 2001).  
An efficient regeneration and transformation system is a prerequisite for crop 
improvements using genetic engineering. Plant regeneration can be achieved via somatic 
embryogenesis or organogenesis. The only reproducible morphogenic system thus far, in 
cassava, is somatic embryogenesis, which was first reported by Stamp and Henshaw 
(1982, 1987). In the last few years successful long-term, highly regenerable embryogenic 
suspension cultures (Taylor et al., 1996) and or cyclic somatic embryogenic systems 
(Joseph T. et al., 1999) were established for several varieties of cassava, making it 
possible to further create new varieties by genetic manipulations or induced mutations. 
Somatic embryogenesis may be preferred for in vitro studies in cassava because of the 
high multiplication and regeneration capacity of the propagules in a short time. 
This chapter aims to briefly investigate the possibilities offered by Agrobacterium-
mediated plant transformation and mutagenesis, combined with in vitro somatic 
embryogenesis and plant regeneration methods in cassava, in order to improve various 
features of the crop. The main objective of this study was to assess if such techniques 
would be useful for altering cyanogen content or starch yield and quality in the storage 
roots of cassava.  
 
4.2. Materials and methods 
4.2.1. Plant material 
In vitro cultures of cassava plants (variety PRC 60a; Joseph T. et al., 1999) were 
maintained on 70 ml of Murashige and Skoog’s (1962) medium (MS) containing 20 g/L 
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sucrose and solidified with 8 g/L Bitek PTMP Agar (Difco Laboratories, USA). The final pH 
of the medium was adjusted to 5.8 and autoclaved for 20 min at 121°C. Unless otherwise 
stated all cultures were incubated at 25°C and subjected to 16 h photoperiod (light 
intensity of 36±2 µE/mP2 P/s at the surface of the culture containers, provided by Splender 
Cool Day light 54 fluorescent tubes).   
 
4.2.2. Somatic embryogenesis and regeneration of plantlets in cassava 
The method of Joseph T. et al. (1999) was used to induce somatic embryos from 
leaf lobes of 5-day-old leaves isolated from in vitro grown plantlets. The following 
culture media were used in the experiments.  
Medium I: embryo induction medium [MS medium containing 20 g/L sucrose, 2 
µM CuSOB4 Band 40 µM 2,4-dichlorophenoxyacetic acid (2,4-D), 0.2% (w/v) Gelrite].  
Medium M: embryo maturation medium [MS medium containing 20 g/L sucrose 
and 0.2 µM 6-benzylaminopurine (BA), 0.2% (w/v) Gelrite].  
Medium R: regeneration medium [MS basal medium containing 20 g/L sucrose, 0.1 
µM BA, 6.0 µM of indole-3-butyric acid (IBA) and 0.2% (w/v) Gelrite].  
For embryo induction, four leaf lobes were each cultured, adaxial side down, on 25 
ml of medium I in 9 cm diameter Petri dishes. All cultures were incubated in the dark for 
25 to 30 days. The cultures were then transferred to medium M under 16 h photoperiod 
for at least 21 days.  
Secondary embryos were subsequently induced from the primary embryos. Excised 
cotyledonary segments of mature primary somatic embryos were cultured on medium I 
and incubated in darkness for 20 days. These cultures were then transferred to medium M 
and kept for 14 days under 16 h photoperiod. Whenever necessary the secondary embryos 
developed were further multiplied by repeated cyclic embryogenesis. The mature 
secondary embryos were used for plantlet regeneration. For plantlet regeneration, 
cotyledonary-stage somatic embryos were cultured in medium R. These cultures were 
kept in darkness for two weeks and then subjected to 16 h photoperiod. The shoots that 
emerged from the somatic embryos were excised and cultured on MS basal medium for 
rooting. 
 
4.2.3. Agrobacterium-mediated plant transformation 
In order to establish a method for genetic transformation, an Agrobacterium-
mediated transformation of cassava somatic embryo tissues was attempted. Cotyledonary 
segments from mature primary/secondary embryos were inoculated with Agrobacterium 
tumefaciens (LBA 4404) carrying a 50.25 kb plasmid (pTOK233) with GUS gene as a 
reporter gene. Explants were inoculated with the bacteria for 10-15 min and transferred to 
medium I containing 500 µg/ml hygromycin and 250 µg/ml cefotaxime for cocultivation 
purposes. The explants were cocultured for 2-6 days (Li et al., 1996) in darkness and then 
washed three times with liquid medium I containing the same antibiotics. These explants 
were then transferred to fresh medium I containing 5-25 µg/ml hygromycin for selection. 
The cultures were then incubated in darkness for another 20-30 days. After the induction 
period the cultures were transferred to medium M. Histological GUS assays were 




4.2.4. Gamma (γ) irradiation of the somatic embryo explants 
Irradiation experiment was carried out by exposing various explants to 5, 10, 20 
and 30 kR of γ-rays from a P60PCo source delivering 3500 r/min. The tissues used for 
irradiation were (a) excised 0.5-1.0 cm long young leaf lobes (cultured for 7 days in 
medium I), (b) globular-stage somatic embryos (c) cotyledonary-stage somatic embryos 
(d) 1.0-1.5 cm long germinating somatic embryos (cultured for 7 days in medium R) and 
(e) cotyledonary segments from somatic embryos (cultured for 7 days in medium I). For 
each treatment at least 25 pieces of tissues were used. 
After irradiation, cultures of young leaf lobes and cotyledonary segments were 
transferred to medium I and incubated in the dark for 21 and 14 days, respectively. 
Globular-stage embryos were transferred to medium M and kept for 14 days. For 
cotyledonary-stage embryos, the cotyledons were excised and segments were further 
cultured in medium I. Germinating somatic embryos were transferred to medium R. 
These embryos derived from the irradiated explants were further multiplied by 
cyclic embryogenesis. The mature secondary embryos obtained after three consecutive 
generations of embryogenesis were used for plantlet regeneration as explained before 
(section 4.2.2). For the regenerated plantlets the morphological characteristics were 
observed in the culture conditions.  
 
4.2.5. Field evaluation and morphological screening for mutants 
Regenerated plants were transferred to the field and grown in plastic pots (40x45 
cm) containing potting mixture (Potgrond Terreau Universal Multipurpose Substrate) up 
to 10-months. The plants were screened for eleven morphological characters after 10-
months of growth (Table 4.1). These characters have been identified as the minimum 
descriptor list by the International Cassava Genetic Resources Network (Ekanayake, 
1994). In addition, leaf area (measured with a leaf area meter, Skye Instruments, UK), 
internode length and yield of storage roots were measured. 
 
4.2.6. Determination of amounts of photosynthetic pigments 
Cassava leaves (third leaf from the shoot apex; 0.1 g) were homogenized in a 
mortar and pestle with 5-6 ml of ice-cold acetone. The mixture was then poured into a 
polypropylene tube, and the mortar and pestle were rinsed with acetone. The final volume 
of the mixture was made up to 10 ml. After vigorous shaking, all samples were kept in 
darkness for 10 min to allow the precipitation of proteins. The samples were then 
centrifuged at 5000 g for 5 min and the clear supernatant was transferred to fresh 
polypropylene tubes and the volume noted. Absorbances of the samples were recorded at 
645, 663 and 480 nm using a spectrophotometer. The following formulae were used to 
quantify the respective pigment concentration in terms of mg chlorophyll per gram fresh 
weight of the tissue (Arnon, 1949). 
Chlorophyll a= (12.7 x A663) – (2.69 x A645) x v/w 
Chlorophyll b= (22.9 x A645) – (4.68x A663) x v/w 
Total chlorophyll= (20.2 x A645) + (8.01 x A663) x v/w 
The carotenoid content of the leaf was determined according to Ridley (1977), 
using the formula: Carotenoid (mg/g FW)= 4 x A480 x v/w; where A= absorbance at the 
respective wavelengths, v= volume of extract (ml) and w= fresh weight in grams.
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Table 4. 1. The minimum descriptor list to explain the morphological features of different 
accessions of cassava accepted by the International Cassava Genetic Resources Network 
(Ekanayake, 1994). 
 
    
 Morphological parameters  Description 
    
1 Stem epidermis color - Green/blackish green/silver grey/grey/light 
brown/dark brown/black 
2 Stem periderm color - Light green/green/dark green 
3 Apical leaf color - Green/light purple/purple 
4 Shape of central leaf lobe - Linear/elliptic/lanceolate/pandurate 
5 Color of petiole - Green/greenish purple/purple 
6 Apical pubescence - Present/absent 
7 Root surface color - Cream/light brown/dark brown 
8 Root cortex color - Cream/white/light purple/purple 
9 Root flesh color - Cream/white/light yellow/yellow 
10 Neck (peduncle length) - Short/long/absent 
11 Flowering - Present/absent 







4.2.7. Linamarin content 
The linamarin content of the leaf and storage root tissues were measured according 
to Yeoh (1989). Young leaves (fully opened first leaf from shoot apex) and storage roots 
(all storage roots from a plant were pooled) from 10-month-old plants were collected and 
analyzed for linamarin content. The methodology was described in the previous chapter 
(Chapter 3, section 3.2.2) 
 
4.2.8. Linamarase assay 
Plant tissues (0.5 g) were homogenized in 2.5 ml of 100 mM sodium citrate buffer 
of pH 6 containing 1% (w/v) PVP-10. The homogenates were filtered through Whatman 
No.1 filter paper. The filtrate (0.5 ml) was eluted through a 0.6×15 cm Sephadex G-25 
column. The linamarase assay was carried out using 5 mM linamarin prepared in 50 mM 
sodium citrate buffer (pH 6). The reaction was carried out for 15 min at 37°C and the 
glucose released was determined using the glucose oxidase reagent and the absorbance 
was measured at 425 nm (Yeoh, 1989). The control experiment was carried out in the 
absence of linamarin.  
 
4.2.9. Protein determination 
Plant tissues (1 g) were homogenized in 5 ml of 100 mM sodium citrate buffer (pH 
6) containing 1% (w/v) PVP-10. The homogenates were filtered through Whatman No.1 
filter paper.  The filtrate was eluted through a 0.6×15 cm Sephadex G-25 column. The 
protein content was determined using the Bio-Rad method (Bradford, 1976). The sample 
solution (100 µl) was mixed with 5 ml of diluted dye reagent (ComassieP®P Brilliant Blue 
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G-250 dye) and incubated at room temperature for 5 min, and the absorbance at 595 nm 
was then measured. Bovine Serum Albumin (BSA) was used as the reference protein. 
 
4.2.10. Starch content 
Storage roots were harvested and starch extraction was conducted within 6 h of 
harvesting, using distilled water. Root parenchyma tissues were cut into small pieces, and 
using a Waring blender the tissues were broken to release the starch granules. The 
homogenate was filtered through a muslin cloth, followed by 150 and 90 µm filters to 
remove the cell debris and fiber. The filtrate was allowed to sediment, and was then 
washed several times with distilled water. The samples of starch collected in this way 
were dried at 30°C overnight and the pellet was powdered and stored in plastic bottles 
under dry conditions (Sriroth et al., 1999). 
 
4.2.11. Determination of amylose content in storage roots 
The amylose content was measured using the ISO6647 idocalorimetric method. 
Defatted starch samples (100 mg) were dispersed with 1 ml of 85% ethanol (v/v) and 
suspended in 9 ml of 1M NaOH. The suspensions were heated for 30 min at 95°C and 
then left overnight at room temperature. The solution was made up to 100 ml and a 5 ml 
aliquot was pipetted into a 50 ml volumetric flask with 25 ml distilled water, followed by 
addition of 0.5 ml 1 M acetic acid and 1 ml iodine solution [0.2% (w/v) iodine in 2% 
(w/v) potassium iodide]. The mixture was made up to 50 ml with distilled water. The 
solution was mixed and left in the dark for approximately 20 min for color to develop. 
The absorbance was recorded at 620 nm. A blank containing all reagents except starch 
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was prepared as a reference. The amylose content was calculated from a calibration curve 
obtained from solutions of different amylose/amylopectin compositions (0-40%, w/w) 
prepared as described above. Potato amylose and amylopectin were used as the standard 
reference material.  
 
4.3. Results and discussion 
4.3.1. Somatic embryogenesis and Agrobacterium-mediated plant transformation 
Young leaf lobes (4-8 mm long) were found to be suitable material for the 
induction of somatic embryos on medium containing 2,4-D. Callus formation was 
observed on the adaxial surface of almost all the leaf lobes after 1-week of culture on a 
medium containing 2,4-D. Globular somatic embryos appeared on the upper surface of 
each of the 4-8 mm long leaf lobe explant after 2-weeks of incubation in darkness (Fig. 
4.1. a-d). A total of about 75% of the leaf lobe explants showed embryogenesis, and 5-8 
somatic embryos were obtained per leaf lobe. These globular embryos further developed 
into cotyledonary somatic embryos after being transferred to MS medium containing 0.2 
µM BA for embryo maturation. These results were consistent with the findings of Joseph 
T. et al. (1999). Secondary embryos were induced from the primary embryos.  
Cotyledonary segments from mature primary/secondary somatic embryos were 
used for Agrobacterium-mediated gene transformation studies. After cocultivation of the 
explants for 2-6 days in medium I the explants were transferred to fresh medium I. After 
20-30 days in the medium the cotyledonary segments lost the embryogenic capacity, and 
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Fig. 4.1. Various developmental stages of somatic embryogenesis and induction of 
mutation in cassava variety PRC 60a. a. A curled young leaf lobe of PRC 60a after 10-
days in the embryo induction medium; b. PRC 60a leaf lobe with globular-stage embryos 
after 20-days in the induction medium; c. PRC 60a young torpedo-stage embryo in the 
regeneration medium; d. PRC 60a secondary embryos induced from the cotyledonary 
explants; e. A germinating embryo of variety PRC 60a; f. PRC 60 a plantlet regeneration; 
g. S8 plantlets in in vitro culture; h. S9 plantlets in the culture; i. 1, 2 and 3. 1-month-old 




approximately 90% of the cotyledonary segments produced secondary embryos with an 
average of 23±3 secondary somatic embryos per explant. In order to check whether the 
loss of embryogenic capacity was due to the presence of antibiotics, another set of control 
experiment was performed where the fresh non-inoculated explants were cultured in 
medium I in the presence of antibiotics. In this experiment, although the number of 
embryos produced per explant was reduced (9.4±2.8 embryos/explant), approximately 
58% of the explants still produced secondary embryos. After 20 days of culture in the 
medium I, the explants that were inoculated with bacteria were still alive, and a GUS 
assay failed to detect any activity for the β-glucuronidase enzyme. However, after 30-35 
days the explants started dying in the medium. From this observation it was deduced that 
the cassava variety PRC 60a might not be suitable for the particular strain of bacterium 
used for the transformation experiments. Genotypic differences in susceptibility to 
Agrobacterium infection are well documented in other crops (Du S. et al., 1994; Sherman 
et al., 1998). Although Li et al. (1996) reported successful transformation in cassava 
variety MCol 22 using the same strain of bacteria (LBA 4404, with pTOK233 plasmid), 
the present study emphasized that the success in Agrobacterium-mediated transformation 
of cassava was very much depend on the cassava variety and susceptibility of tissues.    
 
4.3.2. Radiation sensitivity of the somatic embryo explants 
Since the transformation experiments met with difficulties, the present study also 
used mutational techniques to achieve the same overall objectives. Keeping this 
perspective in mind a method had been standardized for a γ-ray induced mutation in the 
cassava somatic embryo tissues. While analyzing the radiation sensitivity of tissues and 
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dose response, it was found that all control tissues continued to grow in the respective 
media. Young leaf lobes and cotyledonary segments did not produce embryos after 
irradiation even with the lowest dose of γ-ray. When plant materials exposed to γ-ray at a 
dose of 5 kR, leaf lobes with globular-stage embryos produced a maximum number of 
embryos (217 embryos out of 25 explants) and the results were comparable to that of 
unexposed control cultures (239 embryos out of 25 explants). In contrast, 5 kR γ-ray 
treated cotyledonary-stage somatic embryos produced only 30 embryos compared to 
untreated tissues that produced 716 embryos. After irradiation with 5 kR of γ-ray, 
somatic embryos during regeneration process showed very low survival with only 2 
embryos regenerated compared to untreated controls where 20 embryos (out of 25) 
regenerated into plantlets. When tissues exposed to a dose of 10 kR γ-ray, only globular-
stage embryos survived and showed further embryogenesis. Nevertheless, compared to 
control tissues more than 90% reduction was observed in the total number of embryos 
developed. All tissues exposed to γ-ray above 10 kR dose did not survive. This might be 
attributed to extensive cell nuclear damage from the higher doses of irradiation (Ibrahim 
et al., 1998). A significant reduction on survival (36%) of the mango somatic 
embryogenic tissue was observed on 20 kR and higher doses of γ-ray ( TManzanilla-
Ramirez et al., 2001). In the present study, iTt was found that globular-stage somatic 
embryos were suitable explants for in vitro induction of mutation in cassava and the 50% 
lethal dose (LDB50 B) for primary embryogenesis was estimated to be between 5 and 10 kR 
of γ-ray. Mutation breeding experiments in Gerbera jamesonii, (Laneri et al., 1990) 
suggested that the dose chosen for an experiment should result in the highest survival of 
the irradiated explants as well as a low inhibition of the rate of production of new shoots, 
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gives the highest efficiency in recovering useful mutants. Therefore, it was reasonable to 
assume that 5 kR of γ-ray would be the suitable dose for irradiation of globular embryos.  
 
4.3.3. Regeneration of somatic embryos and screening for mutants  
After 14 days of culture in complete darkness in medium R, the hypocotyls and 
cotyledons of somatic embryos were enlarged, followed by shoot formation. It was 
observed that the regeneration capacity of irradiated embryo lines was not significantly 
reduced compared to control embryos after four generations of somatic embryogenesis. 
While 74% of control embryos showing shoot regeneration, 61% of 5 kR γ-ray irradiated 
embryos produced shoots. In contrast, Tomaszewski et al. (1988) reported that even at a 
very low dose of γ-irradiation (0.75 kR), the germination capacity of somatic embryos of 
Dactylis glomerata was reduced significantly. Similar deleterious effect of ionizing 
radiations was reported in maize. When embryogenic callus cultures of the inbred line 
B73 were treated with X-ray doses of up to 8.4 kR, callus growth, embryogenic callus 
formation, shoot germination and pollen fertility and seed set of the regenerated plants 
were decreased with increasing dose (Wang et al., 1988).  
From all embryo lines that survived irradiation, a total of 56 different plantlets were 
raised in this way. Each line was multiplied in vitro by stem cuttings and growth and 
development routinely monitored for three successive generations. Among the 
regenerated plantlets, two of them (lines S8 and S9) showed morphological abnormalities 
in the culture conditions. The leaf size and shape of these two lines were different and the 
leaves were pale yellowish green, with a very thin petiole. The number of leaves and 
roots were reduced, vigor was lost, and growth was stunted for these lines (Fig. 4.1.g-i). 
For the regenerated plants, root initiation and root development were slow in many lines 
compared to wild-type plants. Plantlets were then used for acclimatization except those 
lines where the root initiation and development were very slow. During acclimatization, 
45 plantlets survived except those showing extreme phenotypic variations like chlorosis, 
very weak plantlets etc. Twenty-two acclimatized plantlets were later used for field 
evaluation. 
In vitro regeneration of plantlets from somatic embryos could potentially be used as 
a tool to increase the efficiency of mutagenesis techniques in cassava. However, in spite 
of the ability of cassava to easily regenerate plantlets through somatic embryogenesis, 
this system has been little utilized in mutation breeding experiments. In vitro techniques 
allow mutagenic treatment of large numbers and multiplication of the selected genotypes 
in a small space under disease-free situations with a minimal risk of loss of variants 
through accidents during propagation (Ahloowalia, 1998). In vitro selection also allows 
the handling of large populations under controlled and reproducible conditions. Somatic 
embryos can be irradiated to induce variations and multiplied by secondary 
embryogenesis for plantlet regeneration. This is very convenient since large number of 
propagules can be raised in a short time and if needed, regenerated plantlets can be again 





4.3.4. Field evaluation of mutant lines 
Some morphological variations were observed for most of the 10-month-old field 
grown mutant lines than the wild-type plants (Table 4.2). The apical leaf (first visible 
young leaf from shoot tip) color varied from purple green to light green in some of the 
lines including K6, K10, K12, S7 and S12. The color of petiole was purple green in most 
lines including wild-type plants, but varied from light purple (K10 and S12) to light green 
(K12 and S7) in other lines. In general, parameters like height of the plant, diameter of 
stem, internode length, color of stem epidermis and periderm did not show much 
variation between different mutant lines except lines S8 and S9 (Table 4.2). Parameters 
like apical pubescence and flowering were not observed in any of the lines, including the 
wild-type plants, after 10-months of growth.  
The phenotypes of S8 and S9 plants were very different from the wild-type plants. 
These plants had very weak stems, which often needed wooden stakes for support during 
the growth in field conditions (Fig. 4.2). They had reduced number of leaves and the 
leaves were wrinkled, smaller and narrower (Table 4.2, Fig. 4.2). Total chlorophyll 
content reduced by 23-26%. Leaf chlorophyll content for mutant S8 and S9 plants were 
2.67 and 2.56 mg/gFW, respectively compared to 3.52 mg/gFW in wild-type plants 
(Table 4.3). Although the total chlorophyll content did not vary, in five lines (K12, S2, 
S21, T1 and T2) chlorophyll a/b ratio was found to be significantly reduced. The 
carotenoid content was almost identical in all lines studied. 
The overall morphological changes observed in different mutant lines might be due 
to genetic variations. In several induced mutant plants morphological abnormalities of the 
phenotypes were reported previously. For example, γ- and X-ray induced mutants in lotus 
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Table 4.2. Morphological parameters of the 10-month-old field grown mutant plants. The data is the mean±SE of at least five plants. 
One way ANOVA (Tukey’s pairwise comparisons) was performed using the software MINITAB. The values are given as mean±SE. 
Values within the columns having similar alphabet(s) do not show statistically significant differences at the 95% confidence level 
(p=<0.005). 
 
Color Line Height (m) Stem diameter   
(cm) 





Apical leaf Petiole 
PRC 60a* 1.97±0.06Pa P 6.5±0.3Pa P 3.4±0.3P a P SG G PG PG 
K1 2.17±0.07PabP 6.4±0.3Pa P 4.0±0.2P ac P SG G PG PG 
K2 1.96±0.02Pa P 6.4±0.2Pa P 4.1±0.4P ac P SG G PG PG 
K4 1.78±0.06Pac P 6.7±0.2Pa P 3.6±0.1P a P SG G PG PG 
K6 1.95±0.11Pa P 6.7±0.2Pa P 4.0±0.6P ac P SG G LG PG 
K7 1.77±0.09Pac P 6.7±0.2Pa P 3.5±0.9P a P SG G PG PG 
K9 1.78±0.02Pac P 6.7±0.2Pa P 3.6±0.5P a P SG G PG PG 
K10 1.91±0.06Pac P 6.5±0.3Pa P 3.9±0.4P a P SG G LG LP 
K12 2.18±0.13PabP 6.4±0.2Pa P 3.4±0.6P a P SG G LG LG 
S2 1.97±0.04Pa P 6.1±0.2Pa P 3.6±0.6P a P SG G PG PG 
S3 1.72±0.08Pac P 6.5±0.2Pa P 5.0±0.2P ac P SG G PG PG 
S4 2.17±0.14PabP 6.6±0.2Pa P 5.9±0.3P bcP SG G PG PG 
S6 1.90±0.16Pa P 5.8±0.3Pa P 4.5±0.4P ac P SG G PG PG 
S7 1.92±0.03Pa P 6.1±0.3Pa P 5.5±0.6P ac P SG G LG LG 
S8 2.35±0.05PabP 4.0±0.1PbP 7.9±0.5P dP LG G PG PG 
S9 2.44±0.06PbdP 3.6±0.2PbP 9.3±0.4P dP LG G PG PG 
S10 1.77±0.05Pac P 6.5±0.3Pa P 3.8±0.4P a P SG G PG PG 
S12 1.68±0.15Pac P 6.2±0.2Pa P 3.8±0.2P ac P SG G LG LP 
S13 1.92±0.03Pa P 6.2±0.2Pa P 3.6±0.6P a P SG G PG PG 
S20 2.11±0.12Pa P 6.9±0.1Pa P 3.8±0.1P a P SG G PG PG 
S21 1.72±0.06Pac P 6.2±0.2Pa P 4.4±0.1P ac P SG G PG PG 
T1 2.02±0.05Pa P 6.4±0.1Pa P 3.8±0.2P a P SG G PG PG 
T2 1.64±0.04Pac P 6.4±0.2Pa P 3.5±0.4P a P SG G PG PG 
 
*Wild-type plants; K, S, and T indicates somatic embryos at mature, globular and regenerating stage which where then γ-irradiated 
for inducing mutations 
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Table 4.3. Details of leaf morphology of the mutant lines at 10-months of growth. The data is the mean±SE of at least five plants. 
One way ANOVA (Tukey’s pairwise comparisons) was performed using the software MINITAB. The values are given as mean±SE. 
Values within the columns having similar alphabet(s) do not show statistically significant differences at the 95% confidence level 
(p=<0.005). 
 

















        
PRC 60a* 37±2 PaP 317±8Pa P N L 3.52±0.02Pa P 4.37±0.65Pa P 0.43±0.04Pa P 
K1 36±3 PaP 268±3PabP N L 3.88±0.05PabP 2.51±0.16Pa P 0.30±0.01Pa P 
K2 34±6 PabP 330±1Pa P N L 4.02±0.14PabP 2.35±0.07Pb P 0.24±0.02PabP 
K4 38±6 PaP 318±9Pa P N L 3.74±0.07PabP 2.71±0.19PabP 0.39±0.06Pa P 
K6 34±1 PaP 215±2Pb P N L 3.41±0.07Pac P 3.63±0.52PabP 0.48±0.08Pa P 
K7 39±6 PaP 319±1Pa P N L 3.62±0.13Pac P 2.86±0.23PabP 0.41±0.04Pa P 
K9 35±5 PabP 288±2PabP N L 3.81±0.03PabP 2.90±0.33PabP 0.38±0.02Pa P 
K10 34±2 PaP 232±2PabP N L 4.40±0.03Pb P 2.10±0.11Pb P 0.20±0.03Pa P 
K12 36±2 PaP 245±2PabP N L 4.07±0.06PabP 2.40±0.29Pb P 0.28±0.06Pa P 
S2 37±6 PaP 259±2PabP N L 3.66±0.15Pac P 2.10±0.30Pb P 0.26±0.04Pa P 
S3 36±2 PaP 247±3PabP N L 3.58±0.15Pac P 2.78±0.63PabP 0.38±0.07Pa P 
S4 33±3 PabP 290±9PabP N L 3.23±0.11PacdP 2.54±0.07Pb P 0.26±0.01Pa P 
S6 35±3 PaP 202±8Pb P N L 3.69±0.26Pac P 2.96±0.55PabP 0.37±0.09Pa P 
S7 35±2 PaP 275±1PabP N L 3.46±0.12Pac P 2.73±0.19PabP 0.44±0.04Pa P 
S8 30±1 PbP 100±4Pc P AN L 2.67±0.06PdfP 3.38±0.53PabP 0.36±0.05Pa P 
S9 32±3 PabP 109±5Pc P AN L 2.56±0.07Pf P 2.68±0.22PabP 0.32±0.03Pa P 
S10 35±2 PaP 272±7PabP N L 3.11±0.11PacdfP 3.20±0.44PabP 0.27±0.05Pa P 
S12 37±2 PaP 273±1PabP N L 3.43±0.15Pac P 3.76±0.31PabP 0.58±0.03Pac P 
S13 34±2 PabP 310±2Pa P N L 3.26±0.10PacdP 2.80±0.26PabP 0.42±0.04Pa P 
S20 36±4 PaP 232±4Pab P N L 3.83±0.13PabP 2.61±0.30PabP 0.37±0.04Pa P 
S21 41±5 P acP 224±3Pb P N L 3.48±0.06Pac P 2.41±0.05Pb P 0.28±0.02Pa P 
T1 39±6 Pa P 273±5PabP N L 3.73±0.06PabP 2.50±0.05Pb P 0.32±0.02Pa P 
T2 34±1 PaP 329±7Pa P N L 3.31±0.13Pac P 2.51±0.05Pb P 0.29±0.02Pa P 
 
*Wild-type plants; K, S, and T indicates somatic embryos at mature, globular and regenerating stage which where then γ-irradiated for 













































Fig. 4. 2. Morphological mutants obtained through γ-irradiation in cassava variety PRC 
60a. a. 10-month-old field grown wild-type plant (variety PRC 60a), b. 10-month-old S8 
plant; c. 10-month-old S9 plant, d. mature leaf (tenth leaf counted from fully opened 
apical leaf position) from 10-month-old plants, e. storage roots of 10-month-old plants; 
arrow represents storage root in mutant S9 plant. Scale bar=10 cm. 
PRC 60a  S8       S9  
 d
e
PRC 60a   S8     S9  
  
 a   
  PRC 60a   
b   




and sweetpotato were reported with abnormal features including virtification, chlorosis, 
deformed petioles and inhibited growth of plant parts (Arunyanart and Soontronyatara, 
2002; Lee et al., 2002). These induced variations might be due to chromosomal 
aberrations or even structural mutations of some genes (Fereol et al., 1996). Lee et al. 
(2002) observed that the frequency of morphological variants derived from γ-ray 
irradiated embryogenic callus of sweetpotato ranged from 3.0-7.8%. The present study 
observed that frequency of morphological variation was obviously higher, since more 
than 50% of field grown plants showed one or more variations compared to wild-type 
plants. 
 
4.3.5. Cyanogenesis and protein content in mutant lines  
It was found that two of the mutant lines (K12 and S4) showed a significant 
decrease in leaf linamarin level compared to wild-type plants (Table 4.4). On the other 
hand, leaf linamarin level increased in several mutant lines including K4, K6, K7, K9, 
K10, S7, S12, S20, S21, T1 and T2. Leaf linamarin level was the highest in line K9 
(264±9 µg HCN equivalent/0.1 gFW) and lowest in S4 (151±5 µg HCN equivalent/0.1 
gFW). The storage root linamarin level decreased in lines K4 and K6 (Table 4.4). 
Interestingly, leaf and root linamarase activities (24.5±2.6 and 5.3±0.8 nkat/mg protein, 
respectively) were significantly higher in mutant S9 plants than in wild-type plants 
(15.4±1.5 and 2.3±0.2 nkat/mg protein, respectively). However, in lines K2, K7, K9, S2 
and S7, leaf linamarase activity decreased significantly. The root linamarase activity 
reduced in K10 and S7 lines. Whereas, other lines did not show much variation for leaf 
and root linamarase activities (Table 4.4). Total protein level in cassava
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Table 4.4. Cyanogenesis and total protein content in the mutant lines. The data presented are based on the observations from at least 
five samples from five different plants. One way ANOVA (Tukey’s pairwise comparisons) was performed using the software 
MINITAB. The values are given as mean±SE. Values within the columns having similar alphabet(s) do not show statistically 
significant differences at the 95% confidence level (p=<0.005). 
 















PRC 60a* 183±7Pa P 15.4±1.5PaP 224±12Pa P 73±6 PaP 2.3±0.2Pa P 32±3 PaP 
K1 208±6PabP 12.9±1.9PaP 198±11PabP 68±6 PaP 3.5±0.7PabP 16±2 PbcP 
K2 191±7Pa P 6.6±0.9PcbP 215±9Pa P 66±6 PaP 3.4±0.4PabP 18±1 PbcP 
K4 216±10PbP 12.8±0.8PabP 172±5Pb P 48±3 PdP 3.8±0.6PabcfP 15±2 PbcP 
K6 235±9Pb P 10.6±1.0PabP 175±8Pb P 54±2 PdP 2.2±0.4Pa P 19±1 PabP 
K7 237±4Pb P 9.4±0.9PbP 192±7PabP 62±6 PaP 2.8±0.5PabP 17±2 PbcP 
K9 264±9Pb P 6.3±0.6PcbP 191±7PabP 65±9 PaP 2.7±0.7Pa P 18±2 PbcP 
K10 241±7Pb P 10.7±0.9PabP 221±8Pa P 75±6 PaP 1.2±0.2PdeP 28±2 PabP 
K12 154±8Pc P 10.0±0.9PabP 211±8Pa P 78±6 PaP 2.8±0.6Pa P 27±3 PabP 
S2 207±8PabP 9.4±1.0PbP 182±6Pb P 78±5 PaP 2.7±0.5Pa P 25±2 PabP 
S3 206±5PabP 9.9±1.2PabP 143±8PcbP 74±8 PaP 2.6±0.4Pa P 25±2 PabP 
S4 151±5Pc P 10.6±1.2PabP 217±11Pa P 98±2 PacP 2.5±0.3Pa P 29±3 PabP 
S6 184±8Pa P 12.2±1.3PabP 210±10PabP 90±7 PaP 1.7±0.3PaceP 32±3 PaP 
S7 237±14PbP 7.7±0.5PcbP 231±8Pa P 91±5 PaP 1.4±0.2PdeP 27±4 PabP 
S8 184±5Pa P 14.1±0.9PabP 127±11PdcP 99±6 PcP 3.8±0.5PabcfP 13±1 PcdP 
S9 183±5Pa P 24.5±2.6PdP 109±7PdcP 91±9 PaP 5.3±0.8PbcfP 12±1 PcdP 
S10 184±7Pa P 11.5±2.0PabP 223±13Pa P 94±5 PcP 2.6±0.4Pa P 31±4 PaP 
S12 225±9Pb P 11.5±0.9PabP 183±5Pb P 74±4 PaP 1.5±0.1PaceP 31±3 PaP 
S13 170±10Pa P 10.8±1.5PabP 200±8PabP 63±4 PaP 4.1±0.5PbcfP 21±2 PabP 
S20 249±10PbP 9.8±1.1PabP 220±8Pa P 61±4 PadP 1.8±0.2Pa P 34±2 PaP 
S21 236±6Pb P 14.4±0.6PaP 222±7Pa P 92±10Pa P 2.8±0.4Pa P 25±2 PabP 
T1 228±9Pb P 12.2±1.6PabP 191±5PabP 67±4 PabdP 2.8±0.6Pa P 28±4 PabP 
T2 263±13PbP 9.8±0.8PabP 235±3Pa P 63±2 PabdP 3.4±0.5PabP 29±4 PaP 
 
*Wild-type plants; K, S, and T indicates somatic embryos at mature, globular and regenerating stage which where then γ-irradiated for 
inducing mutations. Linamarin content is given as µg HCN equivalent/gFW tissue 
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leaf tissues reduced in several lines (K4, K6, S2, S3, S8, S9 and S12). Similarly, total 
protein content in the storage root tissues reduced in lines K1, K2, K4, K7, K9, S8 and S9 
(Table 4.4). In other lines total leaf and root protein content was comparable with wild-
type plants (Table 4.4). 
The reason for the increase in leaf linamarin level in several mutant lines was not 
known. After irradiation of cassava stem cuttings, Moh (1976) reported a wide range in 
cyanogen levels in the leaves of the plants. Nwachukwu et al. (1997) reported significant 
reduction in storage root cyanogen content of selected mutant lines of cassava. In 
contrast, γ-irradiation of stem cuttings did not result in any significant alteration of 
cyanogen content in storage roots of mutant lines (Joseph S. et al., 1999). Mutation 
studies with ethyl methyl sulfonate (EMS) in Lupinus mutabilis helped to identify a new 
mutant allele (William et al., 1984). The seeds of homozygous mutant were 
organoleptically ‘sweet’ and found to have alkaloid content reduced from 2.0% to 0.2-
0.3%. In the present study the number of mutant lines screened for cyanogenic content 
was relatively small. Although linamarin level of storage roots did not decrease 
significantly, the somatic embryo based mutation induction could be further utilized for 
more experiments, with large number of regenerated plants for screening. 
 
4.3.6. Storage root yield, morphology and starch content 
There was no significant increase in storage root yield in any of the mutant lines. 
On the other hand, the yield was significantly lower in fifteen lines (Table 4.5). In mutant 
S8 and S9 plants, the storage root yield (70 and 23 g/FW/plant, respectively) was reduced 
nearly 17- and 60-fold, respectively than the wild-type plants (1189 g/FW). Yield was the 
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Table 4.5. Storage root yield and starch content of wild-type and mutant cassava plants. The data presented are based on the 
observations from at least five samples; each sample from different plants. One way ANOVA (Tukey’s pairwise comparisons) was 
performed using the software MINITAB. The values are given as mean±SE. Values within the columns having similar alphabet(s) 
do not show statistically significant differences at the 95% confidence level (p=<0.005). 
 
















PRC 60a* 1189±65PaP DB Purple  White 22.42±0.66PaceP 24.8±0.8PaP 
K1 1134±63PacP DB Purple White 19.28±0.80PabP 25.6±1.4PaP 
K2 1234±64PaP DB Purple White 17.81±0.53PbP 22.5±0.6PabP 
K4 785±52PbcdP DB Purple White 22.05±0.74PabcP 20.9±0.6PabP 
K6 535±65PbP DB Purple White 20.05±0.98PabP 22.1±1.3PabP 
K7 571±47PbP DB Purple White 25.96±0.87PacP 21.2±0.8PabP 
K9 613±63PbP DB Purple White 18.08±0.52PabP 21.5±1.1PabP 
K10 1007±33PadP DB Purple White 23.42±0.92PacP 23.8±0.7PaP 
K12 725±31PbdP LB Purple White 24.53±1.10PacP 24.1±0.6PaP 
S2 1022±14PacfP DB Purple White 21.66±1.30PabceP 24.7±0.9PaP 
S3 639±47PbP DB Purple White 23.50±0.87PaceP 26.6±0.8PabP 
S4 902±45Pa P DB Purple White 21.77±0.91PabceP 26.5±0.9PabP 
S6 563±12PbP DB Purple White 19.12±0.47PabP 24.5±0.7PaP 
S7 844±62PbcdP DB Purple White 19.98±1.24PabeP 28.9±0.7PbP 
S8 70±14Pe P Cream Cream White 23.65±0.94PaceP 24.5±0.6PaP 
S9 23±4 PeP Cream Cream Cream 11.34±0.77PdP 17.5±0.6PcP 
S10 551±39PbP DB Purple White 22.75±0.85PaceP 24.7±0.9PaP 
S12 828±59PbcdP DB Purple White 19.03±0.76PabeP 23.6±0.8PbP 
S13 979±44PacP DB Purple White 22.99±1.07PaceP 20.5±0.7PabP 
S20 767±28PbdP LB Purple White 17.85±0.71PabP 24.0±1.1PaP 
S21 732±54PbdP DB Purple White 26.03±0.74PacP 24.1±0.9PaP 
T1 1153±110Pac P LB LP White 22.77±1.04PaceP 23.6±0.4PaP 
T2 686±96PbdfP DB Cream White 22.70±0.67PaceP 22.6±0.8PabP 
 
*Wild-type plants; K, S, and T indicates somatic embryos at mature, globular and regenerating stage which where then γ-
irradiated for inducing mutations; DB-dark brown; LB-light brown; LP-light purple 
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highest in line K2 (1234 g/FW/plant). Peduncles were short in all lines. The color of 
storage root surface varied from dark brown in wild-type plants to light brown in few 
lines (K12, S20 and T1) or to cream in mutant S8 and S9 plants. The color of storage root 
phelloderm surface also varied from purple in wild-type to either light purple (T1) or 
cream (S8, S9 and T2) in some mutant lines. The root parenchyma color was white 
invariably in all lines except mutant S9 plants, which was slightly creamy white in 
appearance. Despite the very low yield and creamy white color of root surface, in mutant 
S8 plants storage root morphology was almost similar to wild-type plants. In mutant S9 
plants, although the root cortex was fleshy, it was unusually thick. The root parenchyma 
tissues of mutant S9 plants were hard, woody and fibrous compared to the wild-type 
plants. The wild-type plants produced an average of 4-9 storage roots per plant. 
Conversely, the average number of storage roots reduced to one or two in mutant S8 and 
S9 plants (Fig. 4.2.e). Although the starch content did not increase in any of the lines, the 
proportion of amylose in S7 (28.9%) was higher than the wild-type plants (24.8%). 
Starch content in S9 plants (11.34 g/100 gFW) was reduced almost 50%, compared to 
wild-type plants (22.42 g/100 gFW). Similarly, starch composition was different in 
mutant S9 plants, where proportion of amylose content reduced nearly 30% than wild-
type plants (Table 4.5). The low storage root yield in several lines, including K12, S8, S9, 
S21 and T2 might be attributed to alteration in the total chlorophyll content and/or 
chlorophyll a/b ratio (Table 4.3 and 4.5). If photosynthetic pigments were altered, then 
photosynthesis and source-sink relation would be affected and thus starch biosynthesis 
and storage root yield might be affected as well.  
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In several induced mutant plants, morphological differences in storage organs along 
with quantitative and qualitative differences in starch biosynthesis have been identified 
and characterized (Ancora and Sonnino, 1987; Mizuno et al., 1993; Smith and Martin, 
1993; Coleman et al., 1995). In potatoes differences in leaf shapes and white skinned 
tubers were noticed in γ-irradiated in vitro grown plantlets of cultivar ‘Desiree’, which 
normally produces dark skinned tubers (Ancora and Sonnino, 1987). In many induced 
starch mutants like waxy mutants in maize and barley (Smith and Martin, 1993), amylose-
extender mutants in rice (Mizuno et al., 1993), or floury endosperm mutants in maize 
(Coleman et al., 1995), mutations dramatically altered the composition of starch, causing 
significant changes in the physico-chemical properties of starch granules. These 
differences were due to genetic changes in the mutants as a result of irradiations. Such 
mutants have been exploited to study the fine structure of higher plant genes and the 
mechanism of starch biosynthesis. For example, in Arabidopsis, EMS induced-mutation 
affected the gene for an aspect of carbohydrate metabolism, which significantly altered 
leaf starch content as well as flowering (Yu et al., 2000). 
One of the specific objectives of this study was to alter the starch content or quality 
in cassava through induced mutations. Mutation breeding is regarded as a valuable tool to 
tailor cultivars for changed food requirements, for feed and for industrial markets 
(Mandal et al., 2000). Oda et al. (1992) obtained a bread wheat mutant with low amylose 
content induced by EMS. In vegetatively propagated plants which are highly 
heterozygous, mutation breeding is being used in addition to sexual breeding for the 
genetic improvement of specific traits in otherwise well-performing cultivars.  
 
 4.3.7. Further characterization of the mutant lines 
In the present study the most significant variations are found in mutant S9 plants. 
Therefore, this mutant plant can be used as a genetic resource for further characterization 
of starch biosynthesis. Some of these issues will be discussed in the next Chapters. In 
mutant S9 plants storage root yield, starch content and composition were found to be 
different compared to the wild-type plants. Induced mutants, when identified and 
genetically characterized, may allow the isolation of a target gene, and consequently 
facilitate plant genetic engineering. In Petunia and Antirrhinum, induced mutants for 
floral color and floral morphology have been used to study flower morphogenesis and to 
isolate the genes involved (Schwarz-Sommer et al., 1990). Several molecular biology 
investigations currently rely on the induction and identification of mutants in model 
species like Arabidopsis for the construction and subsequent saturation of genetic maps, 
for the understanding of the developmental genetics and the elucidation of biochemical 
pathways (Yu et al., 2000). Once identified and isolated, the genes that encode 
agronomically important traits can be either introduced directly into crop plants using 
transformation technology or used as probes to search for similar genes in other species. 
Therefore, out of the various mutant lines, mutant S9 plants seem to be attractive to 
further study starch biosynthesis in the storage roots. 
 
4.4. Conclusion 
A protocol for high frequency and more synchronized cyclic somatic 
embryogenesis system in cassava variety PRC 60a was standardized. This in vitro 
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multiplication system could be useful for genetic transformation experiments as well as 
mutation studies in cassava. Although the attempts for Agrobacterium-mediated plant 
transformation were not successful, somatic embryos of cassava were successfully used 
as explants to induce mutation with γ-rays. It was found that 5-10 kR of γ-ray was 
suitable dose for inducing mutations in cassava using globular-stage embryos as explants. 
More than 50% of the regenerated mutant lines had one or more minor or major 
variations compared to the wild-type plants. This high frequency in creating variations 
through irradiation of somatic embryos therefore seems to be very promising. This 
technique could be further exploited to isolate novel varieties for cassava. Variations in 
the germplasm are very important for the success of future breeding programs. During 
field trial only two mutant lines showed distinct morphological variations compared to 
the wild-type plant. Two mutant lines (K4 and K6) showed a decrease in storage root 
linamarin content. The leaf linamarase activity was found to be lower in a few lines 
including K2, K7, K9, S2 and S7 lines. In mutant S8 and S9 plants the storage root yield 
decreased drastically and the storage root morphology was quite different in mutant S9 
plants compared to wild-type plants. The mutant S9 plants could be useful for further 
genetic or biochemical characterizations, which may shed light on our basic knowledge 
about starch biosynthesis. 
 




The structural and functional properties of starch vary according to plant species 
(Hizukuri, 1986) or cultivars of a species (Takeda et al., 1987), developmental stages 
(Sriroth et al., 1999), genetic constitution and environmental conditions of plant growth 
(Asaoka et al., 1992). These differences have great importance when different starches 
are used as raw materials in starch-based industries (Eliasson and Gudmundsson, 1996; 
Hizukuri, 1996). It has been shown that native granular structure, thermodynamic and 
functional properties of various starches are greatly influenced by proportion of amylose 
and amylopectin (Jenkins and Donald, 1995; Matveev et al., 2001) as well as the 
amylopectin molecular structures (Craig et al., 1998). Starch granule is a ‘semi-
crystalline’ structure with ordered and disordered or amorphous regions. The ordered 
parts consist of double helices formed from short branches of amylopectin and 
amorphous parts are basically amylose. Different crystalline forms or polymorphs such as 
A- (e.g. maize) and B- (e.g. potato), or the C-type (e.g. pea, composed of both A and B 
polymorphs) have been found in starch granules. The A and B forms differ in packing 
density of double helices, A being denser than B. The type of polymorph present in 
granules characterizes the type of starch and is species dependent (Bogracheva et al., 
1999). Cassava normally has a mixture of A- and B-type polymorphs (Hoover, 2001). It 
has been shown that A-, B- and C-type starches differ in thermodynamic parameters of 
the gelatinization process (Noel and Ring, 1992; Zobel and Stephen, 1995) and these 
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differences are mainly determined by the crystalline structure of starch granules 
(Bogracheva et al., 1998). 
The use of biotechnological methods in plant breeding and the increasing 
knowledge on the mechanism of starch biosynthesis have great potential to produce crop 
plants with modified starches (Fernie et al., 2002b). To improve its properties, cassava 
starch for both industrial and food uses are currently being processed and modified 
through chemical or other methods (Demiate et al., 2000). Although the lack of suitable 
mutants in several food crops including cassava is a major constraint for starch-based 
research, a range of mutants have been identified in pea (Hylton and Smith, 1992; Wang 
et al., 1994; Denyer et al., 1995a; Hedley et al., 1996; Harrison et al., 1998; Wang et al., 
1998), maize (Wang et al., 1992; Stinard et al., 1993), rice (Nishi et al., 2001), wheat 
(Yasui et al., 2002) and potato (Jacobsen et al., 1989). These mutants are known to be 
affected at specific steps in the starch-biosynthetic pathway and have widely been used to 
study starch biosynthesis and structure-function properties. Differences in starch content, 
composition and functional properties were characteristics for such mutants.  
In this Chapter the phenotype of the cassava mutant S9 plant has been characterized 
in terms of starch granule morphology and structure-function properties. Assuming that 
the reduced storage root yield, starch level and other morphological variations of cassava 
mutant S9 plants, as mentioned in Chapter 4, might be due to gross effects of mutation/s, 
this study addressed whether the changes were related to differences in structural and 





5.2. Materials and methods 
5.2.1. Starch content of storage root at different stages of growth 
Storage roots were harvested each month from plants of wild-type PRC 60a and 
mutant S9 plants and analyzed for starch content. For analysis of starch content the age of 
the plants was calculated on the basis of months after planting the stem cuttings. Starch 
extraction was conducted within 6 h of harvesting using distilled water as described in 
section 4.2.10. Starch samples collected were dried at 30°C overnight and then sieved 
through a clean dry 250 µm sieve and stored in plastic bottles under dry conditions 
(Sriroth et al., 1999). 
 
5.2.2. Amylose content in storage root starch during growth period 
The amylose content of starches from the storage roots of different plants was 
measured as described in the section 4.2.11. 
 
5.2.3. Measurement of starch gelatinization properties 
Freshly prepared starch powder was weighed (10 mg) and mixed with 0.5 ml of a 
solution of 0 to 9 M urea, the pH of which had been adjusted to 6.0 with acetic acid, in an 
Eppendorf tube. The mixture was incubated at 25ºC for 24 h. The suspension was 
centrifuged for 20 min at 1,000 g at room temperature, and then allowed to stand for 1 h. 
The solubility of the granules in the urea solution was expressed in terms of the volume 
of the swollen sediment, which was calculated by subtracting the volume of the 
supernatant from that of the urea solution (Nishi et al., 2001). 
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Starch gelatinization was also studied using a differential scanning calorimeter 
(DSC; Perkin-Elmer DSC-7). Starch/water mixtures (1:3) were prepared directly in 
aluminium DSC pans and left overnight at room temperature to equilibrate. The 
thermograms were acquired between 20 and 110°C at a heating rate of 10°C minP-1 P. An 
empty pan was used as a reference. 
 
5.2.4. Viscosity measurements 
Viscosity of starch samples collected from 10-month-old plants was measured 
using a DV-II+ programmable viscometer (Brookfield, MA, USA). A 3% (w/v) starch 
suspension in distilled water was heated to 92ºC and held for 2 min. The sample was 
cooled to 50ºC at 5ºC/min subsequently and the viscosity was measured at various 
temperatures. A rotation speed of the paddle (LV 3) of 6 rpm was used and cooling was 
performed with water circulated through cooler (Flores-Farias et al., 2000). 
 
5.2.5. Baking properties 
The baking property was measured by weighing 12 g of starch sample and partially 
cooking by addition of 10 ml of boiling de-ionised water over this starch mass according 
to Demiate et al. (2000). This partially cooked starch was homogenized to produce a 
dough that was moulded to three small balls and baked in an electric oven at 200ºC for 25 
min. After baking, the doughs were weighed, and made impermeable by dipping in 
melted paraffin and their volumes determined on graduated cylinders as the volume of 
water displaced. The expansion was obtained by dividing volume by weight and was 
expressed as specific volume (ml/g). The methodology was adequate to show differences 
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between very high, high and low expansion values but it is not very sensitive. For the 
scope of this work, the measurements were not influenced by this low sensitivity and it 
was possible to clearly differentiate the samples. 
 
5.2.6. Size distribution of starch granules 
Granule size distribution was determined using computer-assisted Olympus Image 
Analyzer System and CUE 2 software. The purified starch (20 mg) was dispersed 
thoroughly in 500 µl of 20 times diluted iodine solution [0.2% (w/v) iodine in 2% (w/v) 
potassium iodide], followed by centrifugation for 1 min at 4000 g. The residue was 
spread on a slide glass with two drops of water containing 0.1% (v/v) Tween-20, and then 
measured using an Olympus microscope through a CCD video camera. At least five 
random microscope fields were measured per sample (You and Izydorczyk, 2002). 
 
5.2.7. Scanning electron microscopy 
Dried starch samples were prepared for electron microscopy by sprinkling the 
starch on double-sided adhesive tape attached to a circular specimen ‘stub’ and coated 
initially with carbon using a Jeol sputter coater followed by a gold coating again using a 
Jeol sputter coater. The samples were viewed and photographed using a Jeol JSM-5300L 
V scanning electron microscope on AGFAPAN-APX 100 film.  
 
5.2.8. Wide-angle X-ray diffraction analysis of starch 
Starch samples were stored over saturated CuSO B4 B solution (50-55% RH) at ambient 
temperature (~23ºC) for two weeks. X-ray spectra were recorded for 2θ between 4° and 
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38° at 0.05° (1s exposure) intervals using a Siemens D500 diffractometer equipped with a 
copper tube operating at 35 kV and 15 mA producing CuKα-radiation of wavelength 
1.54 Å. Commercial cassava and potato starches were used as the reference material. The 
total crystallinity in the starches was determined according to the method described in 
Cairns et al. (1997). It was calculated as a proportion of the crystalline area to the total 
area at the angles between 4 and 38° 2θ using starch samples.  
 
5.2.9. MALDI-TOF MS analysis of starch samples 
The chain length distribution of amylopectin molecules was analyzed by matrix-
assisted laser desorption ionization-timeP Pof flight mass spectrometry (MALDI-TOF-MS) 
studies according to Broberg et al. (2000). Dry starch samples were debranched with 
isoamylase according to Lloyd et al. (1996). This was performed by incubating 5 mg of 
starch sample in 0.375 ml deionized water and 0.025 ml of 1 M acetate buffer, pH 3.6 
with 5000 units of Pseudomonas amylodermosa isoamylase at 37ºC for a period of 3 h. 
The incubation mixture was boiled to destroy any remaining enzyme activity and 
immediately analyzed to avoid precipitation of the constituent chains. For MALDI-TOF 
MS analysis 2,4,6-trihydroxy-acetophenone (THAP, 0.1 M in methanol) was used as the 
matrix. The matrix (1 µl) was deposited on the gold plated probe tip and vacuum dried to 
obtain a thin-film matrix layer; subsequently 1 µl of debranched cassava starch (4.6 
mg/ml) was applied and vacuum dried. Alternatively, 5 µl debranched cassava starch 
sample was diluted (4.6 mg/ml) and mixed with an equal volume of THAP and then 1 µl 
of this analyte-matrix mixture was deposited on the probe tip and dried in vacuum. The 
molecular masses of the glucan chains were analyzed in the positive mode on a MALDI-
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TOF mass spectrometer (Voyager-DE STR Bio SpectrometryP Pwork station; Applied 
Biosystems) with a nitrogen laser at 337 nm using 5-6 µJ energy. For each acquisition, 
100 laser shots were fired and the resulting spectra were averaged. For every sample 4-7 
acquisitions were made, each on a different spot on the analyte-matrix surface. 
Calibration was performed on glucan molecules like maltopentaose (MW: 827.7), 
maltohexaose (MW: 990.8) and maltoheptaose (MW: 1127.08). All data were exported to 
MATLAB (The Math Works Inc., Natick, MA, USA), a general-purpose mathematical 
program. The peaks corresponding to individual unit chains were integrated with 
background correction to obtain the areas that reflected the amount of ionized unit chains. 
During integration the limits were set to [M+Na]P+P -114.14 mass units and [M+Na]P+P + 51 
mass units and stepped up 162.14 mass units for every peak, corresponding to the mass 
increase per glucose unit.  
 
5.3. Results and discussion 
5.3.1. Starch and amylose content during the growth period 
Cassava plants showed variation in starch content as well as composition of starch 
polymers (Fig. 5.1 and 5.2). Starch content varied from an average of 4 to 22% (g/100 
gFW tissue) in the wild-type plants and 2 to 14% (g/100 gFW tissue) in the mutant S9 
plants. As expected, in both plants starch content increased during the growth period. In 
wild-type plants starch content was highest at 8-months of growth (21.7%) and 
subsequently it decreased. This decrease in starch content might be due to increase in 


















Fig. 5.1. Starch content in the cassava storage roots harvested at each month of growth. 
Five plants were used for each analysis. Storage root tissues from each plant were pooled 
and used for analysis of starch content. Starch was measured by iodocalorimetry method. 












































Fig. 5.2. Amylose content in the starch samples isolated from different cassava plants at 
various stages of growth. Starch was extracted and purified from storage roots of five 




















Similarly, in mutant S9 plants the starch content increased up to 7-months of growth, and 
after that the starch content decreased. After 6-months of growth the mutant S9 plants 
contained only 13.9% of starch in their storage roots (Fig 5.1). On average there was a 30 
to 50% reduction (on a fresh weight basis) in starch content in mutant S9 plants. The 
amylose content of wild-type plant starch slightly decreased during the growth period and 
the reduction was greatest in 10-month-old plants where the amylose content was 21.8%. 
Previous studies (Inouchi et al., 1984; Asaoka et al., 1985; Sriroth et al., 1999) have 
reported a variability of amylose content of starches in storage organs as influenced by 
time of harvest. In contrast to the present results in cassava, in cereals and potato the 
amylose content increased during storage organ development (Gedds et al., 1965; Inouchi 
et al., 1984; Asaoka et al., 1985). Compared to wild-type plants, the mutant S9 plants 
starch had less amylose especially in the initial months of growth (Fig. 5.2). Similar 
results were obtained for experiments in certain barley genotypes (Oscarsson et al., 1996; 
Bhatty and Rossnagel, 1998; You and Izydorczyk, 2002) where low starch content was 
accompanied by an altered starch composition. Nevertheless, it was evident that amylose 
content was more or less stable in mutant S9 plants throughout growth. 
The above results were consistent with the iodine affinity experiments of the starch 
samples, where the starch from mutant S9 plants showed a low affinity for iodine (Fig. 
5.3). The iodine binding capacity of starch from mutant S9 plants was significantly lower 
than the wild-type starch, especially during the initial months of growth (Fig. 5.3). The 
absorbance at 600 nm of the starch-iodine complex (measured as the absorbance of the 






























Fig. 5.3. Iodine affinity of cassava starch samples collected from wild-type as well as 
mutant S9 plants at various stages of growth. Starch samples were collected from five 
plants at each month. The iodine affinity was calculated by measuring the absorbance at 
600 nm of the starch-iodine complex (measured as the absorbance of the flour-iodine 




























the mutant starch at 3-months of growth was 9.5±0.5 compared with 14.5±0.2 for wild-
type starch. However, during the later phase of growth the iodine affinity for the two 
starch samples were only slightly different. These results confirm the low amylose 
content in the mutant starch especially during the earlier phase of growth, as amylose is 
essentially a linear polymer of high iodine binding capacity. Nevertheless, iodine-binding 
capacity is also affected by the length of chains within the amylopectin fraction of starch 
(Craig et al., 1998).  
 
5.3.2. Physico-chemical properties of the mutant S9 plant starch 
The effect of concentration of urea on the gelatinization of starch granules of 
cassava was studied by mixing the starch samples with solutions of urea at concentrations 
from 0 to 9 M (Fig. 5.4). The starch from the storage roots of wild-type plants started 
gelatinizing in 3 M urea solution. Even though the swelling of wild-type and mutant S9 
plant starch exhibited a biphasic response with increase in the concentration of urea, in 
contrast to the wild-type, the mutant S9 plant starch hardly gelatinized in 3 M urea 
solution, but it began to slightly gelatinize in 4 M urea (Fig. 5.5). These results indicated 
that the amylopectin in the mutant starch was markedly more resistant to gelatinization in 
urea. In the gelatinization process of starch samples with urea, the concentration of urea 
depends on the amylopectin structure rather than on the level or structure of amylose 
(Nishi et al., 2001). Similar observations were made in maize with amylomaize (high 
amylose maize) starch samples (Baba et al., 1983). 
Gelatinization properties of the starch samples were also studied using DSC. 




















Fig. 5.4. Effects of concentration of urea on gelatinization of starch granules from the 
cassava plants. After incubation of starch granules in solutions of urea for 24 h, swelling 
was examined by measuring the volume of the swollen starch sediment. Results are 
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Fig. 5.5. Effect of 4 M urea on the swelling of starch granules of wild-type and mutant S9 
plants. a & b: PRC 60a starch granules from 6-and 10-month-old plants, respectively; c & 
d: mutant S9 plant starch granules from 6-and 10-month-old plants, respectively. 10 mg 
starch samples were mixed with 0.5 ml of 4 M urea in Eppendorf tubes and shaken for 24 




showed differences with respect to thermodynamic parameters. Starch samples from the 
mutant S9 plant gave high, narrow peaks of changes in heat capacity, similar to starch 
from the wild-type plants. The peak temperatures, however, were characteristic for each 
type of starch, approximately about 66ºC for starch from the wild-type plant compared to 
72ºC for mutant S9 plants (Table 5.1). Usually the low-temperature endotherm would be 
attributed to the melting of the crystalline lamellae, while the high temperature peak 
would be ascribed to the dissociation of the amylose-lipid complexes and the melting of 
single helical types. Because of the low amylose content in the mutant starch the second 
transition was reduced. These results agreed with previous observations in waxy maize 
starches (Matveev et al., 1998). DSC studies indicated that starch from mutant S9 plants 
has higher onset, peak and final gelatinization temperatures than that from the wild type 
(Table 5.1). For cassava starch different temperatures of gelatinization have been 
reported in literature; values (TBp B) range from as low as 58ºC (Asoka et al., 1992) to as 
high as 71ºC (Sriroth et al., 1999). However, comparison with the current study would be 
difficult as the moisture content was an uncontrolled variable in these studies. Moreover, 
such differences might also suggest the impact of genetic variation and environmental 
conditions on the structure and function of starch (Sriroth et al., 1999). The gelatinization 
enthalpy of two starch samples also showed differences, and compared to wild-type 
starch the starch from mutant S9 plants had higher enthalpy changes (Table 5.1). In 
certain wheat genotypes, starches with low amylose content (7 to 15%) tend to show 
higher TBo B, TBp B, TBf B and ∆H compared to their wild-type plants with amylose content 18 to 
20% (Sasaki et al., 2000; Yasui et al., 2002). Starch mutants from peas (rug4, rb, rug3) 




Table 5.1. DSC gelatinization temperatures and enthalpy changes of the starch samples. 

















  TBo B Tp TBf B ∆H  
      
 3 61.4±0.4 66.2±0.5 77.4±1.5 16.6±1.3 
PRC 60a 6 61.1±0.7 65.5±0.4 78.3±0.6 15.6±0.6 
 9 60.6±0.6 65.9±1.0 77.6±0.5 15.5±0.4 
      
      
 3 62.5±0.5 71.3±0.8 81.3±0.9 18.9±0.8 
S9 6 62.2±0.7 71.7±1.2 81.5±0.7 18.7±0.9 
 9 60.5±0.8 73.8±1.6 80.7±1.3 19.1±0.4 





(Bogracheva et al., 1998). They attributed this increase in TBp B for mutant starches, to a 
relatively small increase in concentration of a polymorph of the amylopectin and a 
decrease in amylose content. This was in agreement with the hypothesis (Noda et al., 
1996) that DSC parameters (TBo B, TBp B, TBf B, and ∆H) could be influenced by molecular 
architecture of the crystalline region, which corresponded to the distribution of 
amylopectin short chains (degree of polymerization 6-11) and not by the proportion of 
crystalline region, which according to Noda and co-workers were related to the amylose 
to amylopectin ratio. Studies on sweet potato and wheat starches showed that a low TBo B, 
TBp B, TBf B, and ∆H reflected the presence of abundant short amylopectin chains in such starch 
samples (Noda et al., 1996). Similarly, Jane et al.P P(1999) reported that the chain length 
and distribution of amylopectinP Pbranches determine the gelatinization temperature of 
starch, enthalpyP Pchanges and pasting properties. Further, they observed that gelatinization 
temperatureP Pof starch increased with increase in the chain length. It was assumed that in 
mutant S9 plants the differences in starch physico-chemical properties were related to the 
changes in starch composition and possible changes in starch molecular structure. 
The gelatinization behavior observed in this study reflected the differences in 
granular structure between the two cassava starches. The dramatic changes in the 
structure of those parts of amylopectin which were involved in the ordered parts of the 
granule might cause differences in the sizes of the crystallites, or to some defects in the 
crystallites, which in turn might result in differences in gelatinization behavior 
(Bogracheva et al., 1999). Although the properties of amorphous part of starch granules 
were not analyzed in the present study, they also might greatly influence the physico-
chemical properties of starches and, in particular, their gelatinization behavior. These 
observations indicated that both starch composition and structure were very important in 
defining the thermal properties. 
The viscosity of starch from mutant S9 plant was higher compared to the starch 
from wild-type plants (Fig. 5.6). This indicated that the starch from mutant S9 plant 
would have a different pasting profile compared to starch from the wild-type plants. 
Starch pasting properties were very important during cooking. The present results 
suggested that the mutant S9 plant starch would have higher pasting temperatures 
compared to the wild-type starch. Sriroth et al. (1999) hypothesized a relation between 
viscosity and amylose content in starch samples. They found that cassava starches with 
higher amylose content had high viscosity values and the present results were 
contradictory to the above hypothesis. Compared to 10-month-old wild-type plants, 
similar aged mutant S9 plants had a lower amylose content, but with higher viscosity 
values (Fig. 5.2 & 5.6). Therefore, it was possible that there might be other factors, 
including structure of glucans controlling viscosity of starch samples as well.  
Samples were evaluated as described above and their expansion values following 
baking (specific volume, ml/g) were observed. The wild-type plant starch showed higher 
expansion values (3.46±0.21 ml/g), compared to the mutant S9 plant starch (2.86±0.04 
ml/g), suggesting the structural changes to the starch molecules. Expansion during the 
baking of cassava starch was attributed to water vaporization and the fluidity of the starch 
paste. The important role of starch melting or depolymerization in expansion properties is 
well discussed by Bertolini et al. (2001). Expansion ability could be correlated with 
changes in dough-crumb thermomechanical properties when close to the starch melting 




















Fig. 5.6. Changes in viscosity of the starch samples. Starch was isolated from storage 
roots of 10-month-old plants and analyzed for the viscosity as mentioned in the text. 



















and Rouau, 1997; Mestres et al., 2000) the expansion ability of cassava starch during 
baking was negatively correlated with the paste viscosity. This should mean that the 
baking expansion increased with starch disintegration and degradation during cooking 
(Camargo et al., 1988). Mestres et al. (1997) found that the baking expansion of cassava 
starch increased with its solubilization capacity. They showed that cassava starches with 
low solubility and swelling values gave less expansion during baking. Furthermore, these 
samples had a higher gelatinization temperature that could also influence the expansion 
ability. Indeed at the beginning of baking, the starch gelatinization induced its partial 
solubilization and swelling and led to the formation of a viscoelastic material. This could 
trap the gas being produced during baking, mainly before the formation of a rigid crust 
resulting from progressive dehydration and which could impede the dough expansion. 
Thus starch sample represented low temperatures of gelatinization and viscosity would 
have high expansion during baking before hardening of the crust (Mestres et al., 2000). 
This hypothesis correlated well with the present observations, where the wild-type 
starches had low gelatinization temperature, viscosity and high expansion values (Table 
5.1, Fig. 5.4, 5.5 & 5.6).  
Many studies have utilized genetic variation to understand starch biochemistry and 
how this links with the chemical composition of starch (Smith et al., 1997). There is a 
gap, however, in understanding how genetic changes affect the chemistry, physical 
structure, functional properties and morphology of starch granules. A major reason for 
our apparent inability to predict the effect of such changes is that granular structure is 
dependent, in part, on the conformation of amylose and amylopectin within the granule. It 
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is believed that this is determined largely by thermodynamic conditions within the starch 
producing organs during starch synthesis. 
 
5.3.3. Granule morphology  
Generally the size and morphology of the starch granules from wild-type plants 
were similar as explained previously (Sriroth et al., 1999). Cassava starches are known to 
consist of a mixture of large round or oval shaped granules (10-25 µm) and smaller, 
irregularly shaped granules (<10 µm) (Rickard et al., 1991; Sriroth et al., 1999). The 
range of granule sizes approached a normal distribution in samples harvested at different 
stages of growth (Fig. 5.7 & Fig. 5.8). There was no significant shift in the mean starch 
granule size with harvest time. Generally, the starch granule size was variable and ranged 
from 3-24 µm in both the wild-type and mutant S9 plants. However, the mean size of the 
starch granule in mutant S9 plants (7.14 µm) was lower than in the wild type (9.48 µm). 
When observed under a scanning electron microscope (SEM) the surfaces of all wild-type 
granules appeared smooth with no evidence of any fissures. Normally cassava starch 
appears to be a mixture of simple and compound granules (Hoover, 2001). Figure 5.7 
indicates that the mutant S9 plant starch had a very high % of <4 µm granules compared 
to the starch granules from the wild-type plants. SEM studies showed that starch granules 
from mutant S9 plant starch granules appeared to be brittle, irregularly shaped and 
smaller in size and lacked the normal shiny appearance of round structure (Fig 5.8). This 
clearly indicated that mutations had caused significant changes in mutant S9 plant starch 





































Fig. 5.7. Starch granule size distribution in 10-month-old cassava plants. Starch granules 

























































Fig. 5.8. Scanning electron microscopic images of starch grains isolated from both wild-
type and mutant S9 plants at 3-, 6- and 10-months of growth. Bar represents 10 µm. 
 
 





In pea mutants, altered starch composition caused starch granules with distorted, 
complex shape or with significantly different morphology compared to the starch 
granules from wild-type plants (Bhattacharyya et al., 1990; Lloyd et al., 1996; Craig et 
al., 1998). These differences in starch granule morphology were reportedly due to the 
effects of specific mutations which either reduced or eliminated one or more enzymes 
which participated in the carbon metabolism of storage organs (Bhattacharyya et al., 
1990; Denyer et al., 1995a; Martin and Smith, 1995; Harrison et al., 1998). 
 
5.3.4. Starch molecular structure 
The wide-angle X-ray diffraction patterns of starches from mutant S9 plants were 
different compared to the wild-type starch, indicating that mutations had affected the 
crystallinity of the granules (Fig. 5.9). For starch from 3-month-old wild-type plants, 
strong peaks were observed at 2θ values of 15.2, 17.3, 18.1 and 23.1º, respectively 
corresponding to d-spacings of 5.79, 5.12, 4.89 and 3.85 Å. This pattern closely matched 
reported values for B-type starches (Zobel, 1988). Mutant S9 plants of similar age 
showed a distinctively different pattern with low intensity peaks at 15.1º and 22.9º along 
with absence of peaks at 17.3º and 18.1° and the presence of an additional peak at 26.51°. 
The crystallinity of mutant S9 plant starch was lower than that of the starch from wild-
type plant. In the wild-type plants the crystallinity (36-40%) of the starch samples 
remained approximately constant irrespective of the age of the plants. However, the 
crystallinity of starch samples from mutant S9 plants (22-28%) was considerably lower. 


















































Fig. 5.9. X-ray diffraction pattern of the starch samples from different plants of cassava. a, b, c and d: starch sample from 3-, 




samples from 10-month-old mutant S9 plants, compared to 40% in starch samples from 
wild-type plants of similar age. The two starch samples (PRC 60a and mutant S9 plants) 
had identical peak positions characteristic of a mixture of A- and B-type starch 
polymorphs and hence cassava starch was considered C-type starch (Francisco et al., 
1996). 
The reason for low crystallinity and different X-ray diffraction pattern for the 
mutant S9 plants, especially in the early developmental stages correlated well with the 
changes observed in the starch composition and possible changes in the amylopectin 
chain length distribution. These changes might play a crucial role in defining its physico-
chemical as well as functional properties. X-ray diffraction has been used to reveal the 
presence and characteristics of crystalline structure of starch granules. The A-type starch 
(mainly shown by the cereal starch) and B-type patterns represent true crystalline forms 
of starch. The C-type pattern is believed to be a superposition of the A and B patterns 
(Buleon et al., 1998). The type of crystalline polymorph has been shown to be mainly 
influenced by the chain length (CL) of amylopectin [A-type CL≤19.7; B-type CL≥21.6, 
and starch samples with chain length between 20.3 and 21.3 exhibit A, B or C-type 
patterns] (Hizukuri, 1996). Other factors influencing the starch polymorphism are plant 
growth, temperature (Hizukuri et al., 1961), alcohols and fatty acids (Hizukuri, 1996).  
In order to determine whether the morphological, structural and physico-chemical 
differences observed in the mutant starch were related to its amylopectin chain length 
distribution, studies on chain length of the amylopectin were carried out. The starch 
samples were debranched with isoamylase and the samples were subjected to MALDI-
TOF-MS analysis. Debranching treatment did not affect the molecular mass of the linear 
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glucans; hence, this treatment would not affect the spectra of the linear glucans. The m/z 
values obtained from the MALDI-TOF-MS spectra showed differences in ion peaks, both 
in number and intensity. These changes were due to the difference in chain length 
distribution of the isoamylolysates present in the amylopectin from the starch of mutant 
S9 plants compared to the starch of wild-type plants. The number of peaks corresponding 
to the short chains, in particular those with DP≤12, were remarkably fewer in the starch 
samples taken from the mutant S9 plants. Analysis of the starch sample with MALDI-
TOF-MS confirmed that there were fewer peaks for shorter chains for the mutant S9 plant 
compared to the wild-type plant starch. It seemed likely that the apparent decrease in 
amylose content reflected elevated levels of relatively longer branch points rather than 
strictly linear chains. 
MALDI-TOF MS has only recently been used to analyze the chain length 
distribution in starch samples (Broberg et al., 2000). In contrast to HPAEC-PAD methods 
the MALDI-TOF MS technique can be used for chain length distribution analysis of 
amylopectin without a need for prior separation of the amylose fraction. Furthermore, 
MALDI-TOF MS of a debranched starch sample could be done in a few minutes. In 
contrast HPAEC-PAD analysis would take more time after equilibration of the system. 
The possible changes in amylopectin level observed in starch samples from the mutants 
were not reflected in corresponding changes in crystallinity especially in the 10-month-
old plants (Fig. 5.9). In particular, even the slight decrease in amylose might increase the 
apparent amount of amylopectin. However, this possible increase in the proportion of 
amylopectin in starch from the mutant did not increase the crystallinity, as the total 
crystallinity was 28%, compared with 40% for starch from the wild type. This indicates 
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that the amylopectin from starch samples of mutant S9 plant had a lower proportion of 
chains involved in crystalline structures than did amylopectin of starch samples from wild 
type. Conversely, in peas where starch samples from several mutants which had 
comparatively lower proportion of amylopectin (30% and 52%) than starch from the wild 
type (65%), the total crystallinity of the starch samples from mutants was very similar to 
that of wild type. This is consistent with a much higher proportion of amylopectin chains 
forming crystalline structures in the starch from the mutant than for the wild-type peas. 
The structure of amylopectin from the mutants is clearly distinct from the structure in the 
wild type of various plants (Bogracheva et al., 1999). The present study specified the 
effect of mutationsP Pon the fine structure of amylopectin by showing that the proportionP Pof 
short chains with DP≤17 (DP; degree of polymorphism) and, in particular, of chains withP 
PDP 6 to 12, was very significantly reduced (20-70%) in different starch samples from 
mutant S9 plants (Fig. 5.10, 5.11, 5.12 & 5.13). These results indicated that the 
proportion of outer chains (mainly the A-chains of a cluster) was specifically reducedP Pin 
starch samples from mutant S9 plants. These results contradicted with the previous 
studies in maize ae and pea r mutants where there was an increase in amylose content 
observed compared to the wild-type plants. The analysis of chain length distribution 
showed that the P Pproportion of short chains is markedly lower, whereas that ofP Pthe longest 
chains is slightly elevated in the amylopectins from maizeP Pae endosperm mutants 
(Kasemsuwan et al., 1995) and pea r embryos (TomlinsonP Pet al., 1997). However, in the 
present study the mutant S9 plants have low amylose content, along with a reduction in 
short chains and slight increase in long chains. Therefore, it could be concluded that in 























































































































































































































































































































































































































































































































































































































Fig. 5.13. MALDI-TOF-MS spectrum of total starch samples from 10-month-old PRC 60a and mutant S9 plants. 
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on the starch in storage roots. Moreover, each species had its own unique regulatory and 
formative mechanisms for starch molecules. 
The crystalline structures in starch granules are built from short chains of 
amylopectin (Bogracheva et al., 1999). It was therefore reasonable to compare changes in 
the crystalline structure of starches from mutant S9 plants with their amylopectin 
structure. In peas it has been shown previously that, for starches from two mutants 
affected in substrate supply (rb and rug4), the distribution of DP for amylopectin chains 
is similar to that for starch from wild-type peas (Lloyd et al., 1996). Genes which affect 
the supply of substrate during starch synthesis (rb, rug3, rug4) affected the total 
crystallinity and possibly increased the content of A polymorphs in the starch. 
Conversely, genes directly affecting the synthesis of starch polymers (r, rug5, lam) would 
increase the content of B polymorphs, but have a minimal effect on total crystallinity. 
Similarly, in peas it has also been shown that the amylopectin structure of starch from 
mutants known to be affected in amylopectin synthesis differs from that of the starch 
from the wild type (Craig et al., 1998). 
You and Izydorczyk (2002) demonstrated that amylose polymers from various 
plant origins exhibit characteristic degrees of branching. These authors also noticed 
differences in chain lengths of amylose from barley starches with variable amylose 
contents. However, the present study did not attempt to find whether there was any 
difference in molecular weight of amylose from starch samples of the mutant S9 and 
wild-type plants. Therefore, it was not known if any such effect could also contribute to 
the differences in functional properties of starch samples of mutant S9 plants. The present 
study analyzed the chain length distribution of the starch samples from both mutant S9 
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and wild-type cassava plants of different ages following enzyme hydrolysis. Since the 
amylose content of the starch samples from 10-month-old mutant S9 plants was lower 
than those in wild-type plants, it was, therefore, evident that changes in crystalline 
structure observed for this group of starch samples were related to changes in the 
structure of amylopectin (Bogracheva et al., 1999). Taking this into account, the present 
study was able to show that the distribution of amylopectin chains in the starch samples 
from mutant S9 plants was not exactly similar to that found for starch from the wild type. 
Although the present study did not attempt to analyze the proximate composition of the 
starch samples (lipid, phosphorus and nitrogen content), these factors might contribute, 
with the factors considered earlier in defining the functional properties. However, in 
normal cases the factors like lipid, phosphorus and nitrogen content are known to have a 
minor effect (Hoover, 2001). 
The gelatinization property is one of the most important rheological indicators of 
the cooking quality and processing characteristics of any starch. Numerous investigations 
have shown that the rheological properties of starch, such as gelatinization, 
retrogradation, and pasting properties are affected by amylopectin structure (Sanders et 
al., 1990; Tester and Morrison, 1990a & b; Shi and Seib, 1992; Yuan et al., 1993; Lu et 
al., 1997; Safford et al., 1998; Jane et al., 1999). It has also been noted that there is a 
correlation between the crystalline structure of starch and its rheological properties, and 
that A-chains play an important role of the formation in the crystalline structure. Jane et 
al. (1999) reported that the chain length and distribution of amylopectin branches 
determined the gelatinization temperature of starch, enthalpy changes, and pasting 
properties, and that the gelatinization temperature of starch increased with increase in the 
 130
chain length. Hence, it is possible that alterations in amylopectin structure, in particular in 
short chains, might play a critical role in the rheological properties of starch. It was, 
therefore, likely that genetic modification in the cassava plants led to the synthesis of 
novel types of starch, and the mutant S9 plants could be used as material for the cassava 
related food and starch industrial research programs. 
 
5.4. Conclusion 
Starch content, composition, granule morphology and structural and functional 
properties of mutant S9 plants were studied in detail and compared with those from wild-
type PRC 60a plants. In mutant S9 plants the starch composition was altered especially in 
the early phase of plant development (2-6 months of plant growth), where a considerable 
reduction in amylose content was observed. It was found that amylose content was more 
or less stable in mutant S9 plants throughout the growth. Significant differences in the 
granule size distribution, morphology and molecular characteristics were observed for 
starch samples from the mutant S9 plants than their wild relatives. However, the effect of 
mutations in the physico-chemical and functional properties of the starch samples of 
mutant S9 plants was subtle, but real, and could be assumed to arise from the differences 
in composition and structure. During gelatinization, starch samples from mutant S9 plants 
had different peak temperatures and enthalpy changes. In addition, the amylopectin in 
starch from mutant S9 plants had altered chain length distribution for those parts of the 
polymer which form the ordered structures in the granule. The substantial differences in 
molecular characteristics of starch samples of mutant S9 plants might have significant 
influence on their physico-chemical and functional performance. The newly induced 
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cassava mutant S9 plants will be therefore useful to clarify the role of various enzymes 
and corresponding genes in the starch biosynthesis of the storage roots.  
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Chapter 6. Enzyme activities associated with starch 
biosynthesis in storage roots of cassava mutant S9 plants 
 
6.1. Introduction 
Sucrose and starch metabolism involve a number of enzymes which have been 
described in Chapter 2. Sucrose metabolism primarily takes place in the cytosol (Smith 
and Martin, 1993), whereas starch granules are synthesized and deposited within 
amyloplasts (Nelson and Pan, 1995). Starch-biosynthetic enzymes are either found within 
the amyloplast stroma (e.g. SS, SBE, and SDE; Yu et al., 1998) or localized exclusively 
in the starch granule (e.g. GBSSI; Macdonald and Preiss, 1985) or in both locations (e.g. 
SSI and SBEIIb; Mu-Forster et al., 1996; Yu et al., 1998). Enzymes like AGPase and 
PGM have both plastidic and cytosolic isoforms. For most of these enzymes, various 
isoforms have been purified, characterized and cloned and their roles have been widely 
studied in many species (Smith and Martin, 1993; Martin and Smith, 1995; Wasserman et 
al., 1995). However, the continuing emergence of new activities and isoforms in a range 
of species indicates that our understanding of the starch-biosynthetic pathway is far from 
complete. The maximum catalytic activity of each enzyme of the pathway is of crucial 
importance to maintain the yield, structure and the unique physico-chemical properties of 
each starch type and the biosynthesis can be severely affected by any sort of changes or 
losses in their activity. Mutations that affect the activity of one or more of these enzymes 
have been reported in various species (Wang et al., 1997; Craig et al., 1998; Harrison et 
al., 1998; Jobling et al., 1999; Yu et al., 2000; Nishi et al., 2001). In most cases starch 
biosynthesis was affected either by a reduction in starch content, or in composition and 
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structure, or in both (Bhattacharyya et al., 1990; Craig et al., 1998; Nishi et al., 2001). 
Despite this, a number of transgenic studies (Muller-Rober et al., 1992; Salehuzzaman et 
al., 1993; Zrenner et al., 1995 & 1996; Veramendi et al., 1999; Schwall et al., 2000; 
Tauberger et al., 2000; Denyer et al., 2001) have underlined the relative importance of 
these enzymes (e.g. acid invertase, hexokinase, PGM, GBSS, AGPase and SBE). In 
Chapter 5, it was established that the starch content in the storage roots, starch 
composition, granule morphology, physico-chemical properties as well as molecular 
structure of starch from cassava mutant S9 plant storage roots were different from those 
of the wild-type plants. These gross changes in starch pattern in mutant S9 plant storage 
roots might be due to the loss of specific enzyme activity associated with carbohydrate 
metabolic pathway. The reduction in enzyme activity at specific steps of the starch-
biosynthetic pathway might cause severe changes in storage root yield, starch content as 
well as composition. 
The objective of this study was to find out whether the altered starch biosynthesis 
of cassava mutant S9 plants, as described in Chapter 5, was due to low catalytic activity 
of any specific major enzyme in the pathway. The loss of enzyme activity could be 
identified by comparing the measured in vivo rate of maximum catalytic activity of 
enzyme(s) in storage roots of similar aged cassava mutant S9 plants as well as the wild-
type plants. In this Chapter, biochemical activity of various enzymes of carbohydrate 
metabolism in storage roots of the cassava mutant S9 plants is discussed and compared 
with that of wild-type plants. 
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6.2. Materials and methods 
6.2.1. Plant materials 
Cassava plants (PRC 60a and mutant line S9) were grown in the field conditions as 
mentioned in the previous chapters and their storage roots were collected after 1, 4 and 10 
months of growth and used for various analysis. The fresh roots were weighed and used 
directly for the enzyme extraction. 
 
6.2.2. Enzyme preparation 
To overcome the possible heterogeneity between the storage roots, all storage roots 
of a plant were used as the basic sample for analysis. The storage root was peeled, sliced 
and a small amount of the tissues from different parts (along the central axis) were pooled 
and then frozen immediately with liquid NB2B. The tissues were then homogenized into a 
fine powder using a mortar and pestle, and the powdered tissues from different roots of a 
plant were then pooled. A sample of this powder was finally used for preparation and 
measurement of all enzyme activities. For 1-month-old plants the whole root was used for 
extraction. 
The procedure described by Sweetlove et al. (1996a & b) was followed for 
extraction of SS, UGPase, AGPase, PGM and SP enzymes in cassava storage root tissues. 
The extraction buffer was composed of 100 mM HEPES, pH 7.5, 10 mM EDTA, 5 mM 
DTT, 0.5% (w/v) BSA, 0.1% (w/v) PVP-10. The powdered storage root tissues (1 g) 
were transferred to 5 ml of extraction buffer (4°C), then shaken well and kept at 4°C for 
about 5-10 min. After centrifugation of the suspension at 10,000 g (4°C) for 5 min, the 
supernatant was desalted by passing through a column (5 cm x 1.5 cm) of PD-10 
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Sephadex (G-25 M) that was equilibrated with extraction buffer. The fractions were 
pooled and used for detection of enzyme activity. 
For soluble SS the procedure of Jenner et al. (1994) was used. Cassava storage 
roots were freshly harvested onto ice and extracted at 4°C. Storage root tissue (1 g) was 
homogenized with a mortar and pestle followed by an all-glass homogenizer in 4-6 ml of 
extraction buffer that contained 50 mM Tris-HCl, pH 7.2, 10 mM EDTA, 2.5 mM DTT, 
5% (v/v) glycerol, 0.1% (w/v) PVP-10, 1% (w/v) BSA, 0.5 µg/ml leupeptin and 0.7 
µg/ml pepstatin.  
For GBSS, the powdered storage root tissues were homogenized in extraction 
buffer (50 mM Tris, pH 7.5, 10 mM EDTA, 2 mM NaB2 BSB2 BOB5 B, 1mM DTT) and filtered 
through synthetic nylon cloth after which the starch granules were collected by 
centrifugation at 4°C (12,000 g for 20 min). Granules were washed 3 times each with ice-
cold buffer and acetone. The white powder was dried at 4°C and stored at -20°C until 
further use (Vos-Scheperkeuter et al., 1986).  
For SBE, tissue extraction was performed according to Smith AM (1988). The 
powdered storage root tissues (1 g) were extracted at 4°C in 5 volumes of extraction 
buffer which contained 50 mM Tris acetate (pH 7.5), 5% (w/v) sucrose, 2 mM DTT and 
1 mM EDTA. The extracts were filtered and then centrifuged at 10,000 g at 4°C. The 
supernatants were removed and kept on ice and assayed immediately so that the time 
between extraction and assay was less than 30 min. 
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6.2.3. Sucrose synthase (SuS) assay (EC 2.4.1.13) 
SuS activity in the breakdown direction was assayed in a 1 ml reaction mixture 
containing 100 mM Mes (pH 6.5), 3 mM magnesium acetate, 0.5 mM EDTA, 5 mM 2-
mercaptoethanol, 0.02 mM glucose-1,6-bisphosphate, 0.5 mM NAD, 1 mM UDP, 1 mM 
PPi, 50 mM sucrose, 1 unit of PGM and 2 units glucose-6-phosphate dehydrogenase 
(NADP+P specific from Leuconostoc mesenteroides). NAD reduction was continuously 
monitored with spectrophotometry at 340 nm (ε= 6220 M P-1 PcmP-1 P). The reaction was 
initiated by adding inorganic phosphate (NaB2BHB2 BPB2 BOB7 B) to the mixture (Sun et al., 1992). A 
blank without sucrose was run simultaneously.   
 
6.2.4. UDP-glucose pyrophosphorylase (UGPase) assay (EC 2.7.7.9) 
The assay buffer (1 ml) composed of 80 mM glyglycine, pH 8.0, 1 mM MgClB2 B, 10 
µM glucose-1,6-bisphosphate, 0.4 mM NAD P+P, 0.8 mM UDP-glucose, 1 mM Na B2 BHB2 BPB2 BOB7, 
B4 units of PGM, 1.4 units of glucose-6-phosphate dehydrogenase (NADP+P dependent) and 
10-50 µl of extract. The reaction was initiated with UDP glucose and was monitored 
spectrophotometrically at 340 nm. For preparing blanks the same volume of distilled 
water was added instead of the tissue extract (Morrell and ap Rees, 1986). 
 
6.2.5. Phosphoglucomutase (PGM) assay (EC 5.4.2.2) 
The assay buffer contained 50 mM HEPES, pH 7.6, 1 mM MgCl B2 B, 0.25 mM 
glucose-1-phosphate, 0.024 mM glucose-1,6-bisphosphate, 0.4 mM NADP+P and 1.5 units 
of glucose-6-phosphate dehydrogenase (NAD P+P specific) and 20 µl extract. Enzyme assays 
were performed in a final volume of 0.25 ml, where the NAD reduction was monitored 
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spectrophotometrically. In each case the reaction was initiated by the addition of the 
tissue extract to the assay buffer. Assay buffer that contained tissue extract, but without 
glucose-1-phosphate served as the blank (King, 1974).  
 
6.2.6. ADP-glucose pyrophosphorylase (AGPase) assay (EC 2.7.7.27) 
The assay buffer composed of 40 mM HEPES, pH (8.0), 10 mM MgCl B2, B0.4 mM 
NADP+P, 0.024 mM glucose-1,6-bisphosphate, 1.5 mM ADP-glucose, 2 mM Na B4 BPB2 BOB7 B, 4 
units of PGM, 1.4 units of glucose-6-phosphate dehydrogenase (NAD P+P specific). The 
assay mixture contained 1 ml with 20-50 µl of extract. The reaction was initiated with the 
addition of Na B4 BPB2 BOB7 B at 25°C and monitored spectrophotometrically at 340 nm. For the 
preparation of blanks the same volume of distilled water was added instead of the tissue 
extract (Smith, 1990a).  
 
6.2.7. Soluble starch synthase (SS) assay (EC 2.4.1.2.1) 
The reaction mixture contained 100 mM Bicine, pH 8.5, 25 mM potassium acetate, 
10 mM DTT, 5 mM EDTA, 1 mg potato amylopectin, 0.7 mM ADP-[U- P14 PC] glucose 
(Amersham International) at 6.7-10 GBq mol P-1 P and 20 µl of extract in a final volume of 
200 µl (Jenner et al., 1994). The reaction was initiated with the extract, incubated for 10 
min at 25°C, then terminated by heating at 90°C for 2 min. Controls were either 
terminated by heating within 15 s of addition of extract, or contained all reagents except 
amylopectin, in which case amylopectin was added after the reaction had been 
terminated. 
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SS activity in the reaction mixture was analyzed further by the resin method 
(Jenner et al., 1994). Small columns were prepared by plugging 1 ml pipette tips with 
cotton fibre and adding 1 ml of a suspension of Dowex 1-X8 anion exchange resin 200-
400 mesh chloride form (1 g in 4 ml of water) and centrifuged at 50 g for 2 min. The 
reaction mixture was transferred to the column (supported over a scintillation vial), which 
was centrifuged at 50 g for 2 min. The reaction tube was rinsed with 50 µl of water which 
was applied to the column and a further 50 µl of water was added, with centrifugation as 
above after each addition. Radioactivity in the column eluate was determined by liquid 
scintillation spectrometry.  
 
6.2.8. Granule-bound starch synthase (GBSS) assay (EC 2.4.1.21) 
GBSS activity was measured essentially according to Nelson et al. (1978). 
Enzymatically active starch granules (2 mg) were suspended in 50 µl assay buffer 
containing 100 mM Bicine, pH 8.5, 5 mM EDTA, 10 mM GSH, 25mM potassium 
acetate, 1 mM ADP-glucose and 0.72 µM ADP-[U- P14 PC] glucose (total amount of 
radioactivity used per assay: 10 nCi). Linear incorporation of P14 PC-ADP-glucose was 
obtained by incubating the suspension for 30 min and 90 min at 37°C. Settling of 
granules during the assay was prevented by continuous and slow rotation of the samples. 
The reaction was stopped by adding 1 ml of chilled methanol (70%, v/v) containing 1% 
(w/v) KCl. After incubation for 5-10 min in the cold, precipitates were collected by 
centrifugation (5 min, 10,000 g). The starch was washed twice by suspension and 
reprecipitation as explained before. The final pellets were suspended in 0.3 ml water and 
the radioactivity incorporated into the starch was measured by liquid scintillation 
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spectrometry. The reaction was initiated by adding the assay buffer to the starch samples. 
The blank was prepared by terminating one of the reactions just after the addition of the 
assay buffer to the starch. The reaction was terminated by adding 1 ml of chilled 
methanol (70% v/v) containing 1% (w/v) KCl.  
 
6.2.9. Starch branching enzyme (SBE) assay (EC 2.4.1.18) 
The assay was based on radiometric phosphorylase-stimulation assay according to 
Smith AM (1988). The assay contained the buffer with 200 mM Mes, pH 6.6, 50 mM [U-
P
14
PC] glucose-1-phosphate (296 MBq/mol, Amersham, UK), 0.3 units phosphorylase a 
(rabbit muscle, Sigma Chemicals) and 2-25 µl tissue extracts in a final volume of 0.5 ml. 
The reaction was initiated by the addition of glucose-1-phosphate and incubated at 30°C. 
Aliquots of 0.1 ml were removed at every 30 min intervals and the glucose polymer 
precipitated and washed according to Hawker et al. (1974). To each aliquot 0.1 ml of 
glycogen (10 mg/ml) solution and 2 ml of 75% (v/v) methanol solution containing 1% 
(w/v) KCl were added. After 5 min the precipitated glycogen was centrifuged for 5 min at 
5000 g, the supernatant decanted and the pellet was redissolved in 0.2 ml of distilled 
water and precipitated again as above. The precipitate was washed once with 2 ml of 
methanol-KCl solution and then dissolved in 0.1 ml distilled water and the radioactivity 
in it measured by standard liquid scintillation spectrometry methods. A blank was 
prepared by mixing all reagents and instead of the tissue extract, same volume of distilled 




6.2.10. Starch phosphorylase (SP) assay (EC 2.4.1.1) 
The assay buffer contained 50 mM HEPES, pH 7.0, 5 mM MgCl2, 0.25 mM NAD+, 
0.024 mM glucose-1,6-bisphosphate, 0.0025% (w/v) potato amylopectin, 4.5 mM 
Na2HPO4, 2 units of PGM, 1.4 units of glucose-6-phosphate dehydrogenase (NAD+-
specific) in 1 ml of final volume including 25 µl of tissue extract. The reaction was 
initiated by adding Na2HPO4 and formation of glucose-1-phosphate through NAD 
reduction was monitored spectrophotometrically at 340 nm (Stitt et al., 1978). The blanks 
were prepared by mixing all reagents and instead of the tissue extract, same volume of 
distilled water was added.  
 
6.3. Results and discussion  
6.3.1. Assay of enzymes  
In all assays the activity of every enzyme was shown to be linearly related to the 
volume of extract/amount of starch used (Fig. 6.1 & 6.2). Similarly, the rate of reaction 
was linear in all assays with respect to time, although in certain cases after an initial time 
lag, e.g. in the AGPase assay. The rate of reaction was linear for at least 4 min in all 
cases, and for at least 10 and 30 min in spectrophotometric/radiometric assays of SuS and 
SS respectively (Fig. 6.3 & 6.4). In AGPase assay the rate of reaction was linear at least 
during the initial 8-12 min and in UGPase assay at least for the first 15 min, the reaction 
was linear (Fig. 6.3). For other enzymes assayed (PGM, SP and BE) the reactions were 
linear at least for the initial 5-10 min (Fig. 6.3 & 6.4). For each enzyme the enzyme 
activity was calculated from the rate of reaction during the phase of the assay in which it 
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Fig. 6.1. Rate of reaction in assays of enzymes with respect to volume of extract used. A. 
UDP-glucose pyrophosphorylase (UGPase); activity is given as µmol glucose-1-
phosphate/min, and phosphoglucomutase (PGM); activity is given as µmol glucose-6-
phosphate/min. B. Sucrose synthase (SuS); activity is given as nmol sucrose/min, ADP-
glucose pyrophosphorylase (AGPase); activity is given as nmol glucose-1-
phosphate/min. Starch phosphorylase (SP); activity is given as nmol glucose-1-
phosphate/min. Assay was based on the extract from a 116 g storage root of a 4-month-














































































Fig. 6.2. Rate of reaction in the assays of enzymes with respect to amount of starch used. 
A. soluble starch synthase (SS) and granule-bound starch synthase (GBSS); B. starch 
branching enzyme (SBE). Assay was based on the extract from a 116 g storage root of a 





















































































Fig. 6.3. Rate of reaction in the assays of enzymes with respect to time. A. sucrose 
synthase (SuS), ADP-glucose pyrophosphorylase (AGPase) and starch phosphorylase 
(SP); B. UDP-glucose pyrophosphorylase (UGPase), phosphoglucomutase (PGM). Assay 



















































































Fig. 6.4. Rate of reaction in the assays of enzymes with respect to time. A. soluble starch 
synthase (SS) and granule-bound starch synthase (GBSS); B. starch branching enzyme 
(SBE). Assay was based on 25 µl extract from a 116 g storage root of a 4-month-old PRC 
60a plant. 
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Recent studies of 14-3-3 proteins within starch granules of Arabidopsis 
chloroplasts (Sehnke et al., 2001) and an adenosine diphosphate glucose pyrophosphatase 
in barley leaves (Rodriguez-Lopez et al., 2000) indicate that enzymes other than those 
classically considered to participate in the starch synthesis pathway might also contribute 
to this process. However, given that there is currently no evidence for a physiological role 
for either of these proteins within cassava storage roots, the discussion here is restricted 
to the classical pathway. 
 
6.3.2. Activity of major enzymes that control sucrose metabolism 
Among the enzymes that control/regulate sucrose metabolism in storage roots of 
cassava, the activity of four major enzymes namely, SuS, UGPase, PGM and AGPase 
were studied. SuS activity was almost the same both in wild-type and in mutant S9 plant 
storage root tissues (Table 6.1). In 1-month-old wild-type plant enzyme activity was 
539±14 nmol sucrose/min/gFW of tissue. This was comparable to that of 1-month-old 
plants of mutant S9 where the activity was 515±7 nmol sucrose/min/gFW of tissue (Table 
6.1). Sucrose is the major photoassimilate transported from photosynthetic leaves to 
developing sink tissues, where it is converted into hexose (Walker and Ho, 1977; 
Eksittikul et al., 2001). SuS appears to be the predominant enzyme catalyzed the first 
reaction in sucrose metabolism and starch synthesis. The availability of substrates 
dictates the reactions catalyzed by subsequent enzymes. Therefore, SuS-catalyzed 
sucrose break-down may be one of the control steps in starch accumulation (Wang F. et 
al., 1993). Compared to 1-month-old plants the activity of the enzyme was increased by 
nearly 30% in the storage roots of 4- and 10-month-old plants of both wild-type as well
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Table 6.1. Biochemical activity of the major enzymes of sucrose metabolism in storage roots of cassava. Total roots/storage 
roots were collected from three plants for each developmental stage (1-, 4- and 10-month-old plants). The roots/storage roots 
were pooled for each plant and from a sub sample the enzyme analysis was done in duplicates. The six values were then 
averaged for each age group. The values are given as mean±SE. 
 
PRC 60a*  S9* 









































































* Values given in parenthesis are the number of roots used in the study 
a Activity is given as nmol sucrose hydrolyzed/min/gFW 
b Activity is given as µmol glucose-1-phosphate/min/gFW 
c Activity is given as µmol glucose-6-phosphate/min/gFW 
d Activity is given as nmol glucose-1-phosphate/min/gFW 
†Activities for PRC 60a and mutant S9 plants are statistically significantly different (Student t test; P<0.05). Differences 
for all other enzymes are not statistically significant (P>0.05) 
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as mutant S9 plants. This result contradicted with early findings in tomato where a 
decrease in SuS was observed with increasing fruit fresh weight. In full-sized wild-fruits 
the SuS activity was extremely low or not detectable (Sun et al., 1992). Similarly 
UGPase and PGM activities were almost identical in the two plants (Table 6.1). UGPase 
activity ranged from 21-39 µmol glucose-1-phosphate/min/gFW of tissue in various 
plants. There were no significant differences in enzyme activity between the two plants or 
among developmental stages (Table 6.1). Although PGM activity ranged from 6-16 µmol 
glucose-6-phosphate/min/gFW tissue among the plants tested, comparable values were 
found in the 1- and 4-month-old plants of the wild-type and of the mutant S9 plants 
(Table 6.1). However, in 10-month-old mutant S9 plants enzyme activity was slightly 
lower than the wild-type plants. For both enzymes the activity increased during the 
growth of the plants. 
Storage roots from different cassava plants at various developmental stages were 
analyzed for AGPase activity. Values ranged from 123-225 nmol glucose-1-
phosphate/min/gFW tissue in various plants. AGPase activity was reduced in the mutant 
S9 plants compared to the wild-type plants. In 1-month-old wild-type plants the enzyme 
activity was 164±4 nmol glucose-1-phosphate/min/gFW tissue, whereas in mutant S9 
plants it was 123±6 nmol glucose-1-phosphate/min/gFW tissue, with approximately a 
25% reduction in activity in the mutant S9 plants. Similarly, in 4- and 10-month-old wild-
type plants the values were 222±18 and 225±11 nmol glucose-1-phosphate/min/gFW 
tissue, respectively with corresponding values in mutant S9 plants as 154±6 and 156±9 
nmol glucose-1-phosphate/min/gFW tissue. Compared to the wild-type plants, in both 4- 
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and 10-month-old mutant S9 plants nearly 30% reduction of enzyme activity was 
observed (Table 6.1).  
A low activity of AGPase could be one of the reasons why the mutant S9 plant 
showed very low storage root yield and low starch content, as described in Chapter 5. 
Generally the starch content in mutant S9 plants was 30-40% lower than in wild-type 
plants (refer to Fig. 5.1). In pea the mutations at the rb locus affect one of the subunits of 
AGPase and causes severe reduction in the enzyme activity and starch content of 
developing embryos (Hylton and Smith, 1992). Mutants with low AGPase activity 
exhibit a decrease in starch accumulation. This has been proved in Arabidopsis mutants 
adg1 (Lin et al., 1988a), adg2 (Lin et al., 1988b; Wang et al., 1997) and in kernels of the 
maize mutants shrunken2 (sh2), and brittle2 (bt2) (Weaver et al., 1972). Furthermore, 
experiments on transgenic potato plants expressing an antisense construct of the AGPase 
small subunit gene (Muller-Rober et al., 1992) showed a significant reduction in starch 
content. 
The circular pathway operating between sucrose and hexose phosphates is well 
established and has been intensively investigated in many plants (refer to Fig. 2.2). 
Sucrose delivered to storage roots can be cleaved in three ways: by invertase in the 
apoplast, or invertase or SuS in the cytosol. However, in the present study the catalytic 
activity of invertase or other enzymes in the invertase pathways (fructokinase, 
hexokinases and phosphoglucoisomerase) was not studied, and the focus was mainly on 
the SuS pathway. The reasons for this were as follows. Firstly, in potato the major route 
of sucrose cleavage mirrors the mechanism of unloading, with invertase activities being 
high during early stages of tuber initiation, whereas SuS dominates in the developing 
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tuber (Appeldoorn et al., 1999). Secondly, transgenic studies have underlined the relative 
importance of these routes for sucrose cleavage in the developing potato tuber: potato 
plants with repressed hexokinase (Veramendi et al., 1999; Veramendi et al., 2002) and 
invertase activities (Zrenner et al., 1996) exhibited little difference from the wild type, 
whereas those repressed in SuS showed great differences (Zrenner et al., 1995). The 
importance of SuS was shown by antisense repression of this enzyme, which resulted in a 
reduced starch content coupled to a reduced tuber dry weight and a reduction in storage 
proteins (Zrenner et al., 1995). 
For the purpose of this study, it was assumed that the pathway of synthesis of 
starch from sucrose proceeded via SuS, UGPase and PGM to glucose-6-phosphate in the 
cytosol (refer to Fig 2.2). Glucose-6-phosphate would then enter the plastid and would be 
converted to amylose and amylopectin via AGPase, SS and SBE (refer to Fig. 2.2). There 
is evidence that in dicotyledonous plants the cytosolic part of this putative pathway is the 
major route of sucrose catabolism (Smith et al., 1989; Craig et al., 1998) and the pathway 
of glucose-6-phosphate to amylose and amylopectin is well established (Preiss, 1982; 
Smith and Martin, 1993). The nature of the metabolite entering the plastid as the substrate 
for starch biosynthesis is not exactly known for most of the plant organs. However, there 
is recent evidence from the study of potato tubers that this metabolite is glucose-6-
phosphate (Schott et al., 1995; Kammerer et al., 1998; Tauberger et al., 2000).  
 
6.3.3. Activity of enzymes that control starch biosynthesis 
In the present study the catalytic activity of three major enzymes of starch 
biosynthesis, namely, SS, GBSS and SBE were studied. In addition, SP activity was also 
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analyzed. It was observed that soluble SS activity was very similar in wild-type and 
mutant cassava plants. In 1-month-old wild-type plants and mutant S9 plants the activity 
was 23±3 nmol glucose/min/gFW of tissue and 17±2 nmol glucose/min/gFW of tissue, 
respectively (Table 6.2). However, during further growth a steep increase in enzyme 
activity was noticed. In 4- and 10-month-old plants the activity increased by 6 to 10 folds 
(Table 6.2). This might be due to the increased requirement of the enzyme during the 
developmental stage in which most of the storage root formation occurred in cassava and 
hence an increased starch biosynthesis in tissues would be inevitable. 
On the other hand, GBSS activity was reduced in mutant S9 plants. In 4-month-old 
mutant S9 plants the GBSS activity was reduced by nearly 40%. At this stage specific 
activity of the enzyme in mutant S9 plants was 29±1 nmol glucose/min/gFW of tissue, 
whereas in wild-type plants it was 51±2 nmol glucose/min/gFW of tissue (Table 6.2). In 
10-month-old wild-type plants the activity was decreased to 46±1 nmol glucose/min/gFW 
of tissue compared to 4-month-old plants. This indicated that the older plants exhibited a 
lower activity for this enzyme, while in 10-month-old mutant S9 plants the activity was 
slightly increased to 36±2 nmol glucose/min/gFW of tissue, compared to the 4-month-old 
plants. Although the activity was increased in 10-month-old as compared to 4-month-old 
mutant S9 plants, the activity was 20% lower than in the 10-month-old wild types (Table 
6.2). Measurement of all the starch-granule-bound activity in many plant organs requires 
that all starch grains are mechanically and enzymatically disrupted (Friedman and 
Cardini, 1967; Macdonald and Preiss, 1983). The present measurement of total GBSS 
activity was therefore likely to underestimate the maximum catalytic activity of this 
enzyme.   
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Table 6.2. Biochemical activity of starch-biosynthetic enzymes in the storage roots of cassava. Total roots/storage roots 
from three healthy plants were collected at 1-, 4- and 10-month-old stages. The roots of each plant were pooled and 
enzyme analysis was done from a sub sample. The values were then averaged for each age group. The values are given as 
mean±SE. 
 
*Values given in parenthesis are the number of roots used in the study 
NA-Enzyme activity was not analyzed, as there were no storage roots for 1-month-old plants 
P
a 
PActivity is given as nmol glucose incorporated from P14 PC-ADP-glucose/min/gFW 
P
b 
PActivity is given as nmol glucose incorporated from P14 PC-ADP-glucose into methanol-KCl insoluble polymer/min/gFW 
P
c 
PActivity is stimulation by extract of incorporation by phosphorylase a of glucose from glucose-1-phosphate into 
methanol insoluble polymer as µmol glucose/min/gFW 
P
d 
PActivity is given as nmol glucose-1-phosphate/min/gFW 
†Activities for PRC 60a and mutant S9 plants are statistically significantly different (Student t test; P<0.05). Differences 
for all other enzymes are not statistically significant (P>0.05) 
 
 
PRC 60a*  S9* 








































































In Chapter 5 it was found that the starch from storage roots of cassava mutant S9 
plants showed low amylose content (30-40% reduction), especially in early stages of the 
plant development (refer to Fig. 5.2). This could be explained in the light of low GBSS 
activity in the storage root tissues of mutant S9 plants. Although the GBSS enzyme 
catalyzes in vitro the elongation of both amylose and amylopectin (Ponstein, 1990), 
mutations affecting the GBSS gene in several plant species resulted only in the loss of 
amylose, while the total amount of starch remained more or less the same (Shannon and 
Garwood, 1984). In the endosperms of waxy mutants of maize there is a dramatic 
reduction of the amylose content in the starch, a concomitant loss of GBSS activity and 
absence of the major 58-60 kD waxy protein (Macdonald and Preiss, 1985). Analogous 
mutants have been isolated from other plant species, such as waxy barley (Shannon and 
Garwood, 1984), glutinous rice (Sano, 1984), amylose-free (amf) potato (Hovenkamp-
Hermelink et al., 1987) and low-amylose (lam) peas (Denyer et al., 1995a). All these 
mutants are characterized by a loss of enzyme activity due to the lack of GBSS protein, 
resulting in low amylose content in the starch. Besides these reports, transgenic 
experiments in potatoes where a cassava GBSS gene expressed in the antisense 
orientation showed that the expression of the endogenous GBSS was partially or 
completely inhibited (Salehuzzaman et al., 1993). Complete inhibition of GBSS activity 
by the cassava antisense gene resulted in absence of GBSS protein and amylose giving 
rise to an almost complete amylose-free potato starch. Amylose was completely absent in 
transgenic sweetpotato plants following the introduction of a GBSSI (major isoform of 
GBSS, which catalyses the production of amylose) cDNA and the GBSS protein and 
amylose was totally absent in one of the transgenic lines (Kimura et al., 2001). 
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In 1-month-old plants SBE activity was not much different in wild-type and mutant 
S9 plants. SBE activity was reduced by almost 40% in 4- and 10-month-old mutant S9 
plants compared to their wild-type plants. The specific activity of SBE in both 4- and 10-
month-old mutant S9 plants were 7±1 µmol glucose/min/gFW (Table 6.2), while the 
wild-type plants showed 12±1 and 11±1 µmol glucose/min/gFW, respectively. During 
the development of the plant, the SBE activity also increased very significantly. In both 
wild-type and mutant S9 plants, the 4- and 10-month-old plants showed a 3-4 fold 
increase in enzyme activity compared to the 1-month-old plants (Table 6.2). 
The amylopectin molecular structure was different in starch samples from mutant 
S9 plants and the details have been discussed in Chapter 5 (refer to Fig. 5.10-5.13). The 
reason for this phenomenon could be attributed to the low activity of SBE. Mutants 
affecting SBE have been identified in pea, maize and rice. In pea the mutation at the r 
locus specifically eliminates one of the two isoforms of branching enzyme (SBEI) in the 
embryo and causes Mendel’s famous wrinkled seed mutation (Smith AM., 1988; 
Bhattacharyya et al., 1990). In maize the homologous amylose-extender (ae) mutation 
affects SBEIIb activity in endosperm, resulting in an increase in the apparent amylose 
content of starch and a partially collapsed kernel phenotype (Deatherage et al., 1954; 
Stinard et al., 1993). The average chain length of amylopectin in amylose-extender (ae) 
maize endosperm is significantly longer than that of normal amylopectin (Baba and Arai, 
1984). In addition, the temperatures for the initiation of gelatinization of the starch 
granules from ae maize are higher than those of normal maize starches (Bogracheva et 
al., 1995). Amylose-extender (ae) mutations have also been reported for rice (Yano et al., 
1985; Mizuno et al., 1993). The ae rice endosperm starch has a higher gelatinization 
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temperature and the amylopectin has longer α-1,4-glucan chains than those of the wild-
type plants (Yano et al., 1985). Mizuno et al. (1993) showed that the rice ae mutants 
were deficient in the BEIIb enzyme. These observations indicated that low SBE activity 
led to alteration in the structure of amylopectin and to rheological changes in starch. This 
again supported the present arguments that in mutant S9 plants the difference in starch 
pattern was due to the loss of some of the key enzyme activity in the carbohydrate 
metabolic pathway. Although these enzymes could reduce the starch biosynthesis 
considerably, Denyer et al. (1995b) concluded that neither of the above enzymes would 
be of overriding importance in the control of starch synthesis in pea embryos. 
SP activity in 1-month-old wild-type plants were 156±5 nmol glucose-1-
phosphate/min/gFW of tissue, compared to mutant S9 plants where it was 97±3 nmol 
glucose-1-phosphate/min/gFW of tissue with nearly 30% reduction in activity. However, 
in 4- and 10-month-old mutant S9 plants the activity was reduced by nearly 40% 
compared to the wild-type plants (Table 6.2). Since it was found that a protein subunit of 
SP was absent in the mutant S9 plans (which will be explained in Chapter 7) the present 
study included catalytic activity studies for this enzyme. Although the role of this enzyme 
in carbohydrate metabolism is not clear, many reports claim a role in the starch 
degradation rather than starch biosynthesis. The maize shrunken-4 mutant is 
characterized by having one-third as much starch and one-third as much soluble protein 
(per weight of kernel) as theP Pwild-type kernel (Tsai and Nelson, 1969b; Burr and Nelson, 
1973). P PNelson and co-workers (Tsai and Nelson, 1969b; Burr and Nelson,P P1973) have 
shown that the SP activity in maize endosperm is reduced P Pin the shrunken-4 mutant. 
Moreover, the activities of other starch-biosynthetic enzymes, including AGPase andP PSS 
are also reduced in the shrunken-4 mutant (Akatsuka and Nelson, 1966). Antisense 
experiments used to reduce plastidic SP in potato leaf (Sonnewald et al., 1995) and 
cytosolic SP in potato tuber (Duwenig et al., 1997b) have shown little effect on starch 
synthesis or degradation. Therefore it seems that in most of the higher plants the major 
route of starch synthesis occurs via the AGPase pathway (Smith et al., 1997). However, 
studies with potato (Brisson et al., 1989; St-Pierre and Brisson, 1995), spinach (Duwenig 
et al., 1997a), and pea (van Berkel et al., 1991) have shown that the enzyme activity and 
expression of plastidic SP genes correlated well with starch biosynthesis. Recent reports 
have therefore suggested that SP may also have some sort of role in starch biosynthesis 
(Ball et al., 1996; Takaha et al., 1998; Colleoni et al., 1999; Myers et al., 2000).  
Tables 6.1 & 6.2 summarise the changes in activities of the major enzymes 
associated with sucrose and starch metabolism in developing storage roots of wild-type as 
well as mutant S9 plants. The most striking conclusion from the studies of enzyme 
activities of the mutant S9 plants was that the activity of more than one enzyme activity 
was changed by the mutation. Several enzymes in the biosynthetic pathway were found 
with reduced activities. The activities of the SuS, SS and UGPase were not significantly 
altered in the mutant S9 plants. However, the activities of AGPase, SBE, GBSS and SP 
were significantly reduced in the mutant S9 plants. As described in Chapter 5 the gross 
changes in starch pattern caused differences in granule morphology (refer to Fig. 5.8) and 
other physico-chemical properties of mutant starch (refer to Chapter 5, Discussion). The 
results of the present study were consistent with the differences in the starch pattern in 
mutant S9 plants being related to the low activity of key enzymes in the pathway. It is 
however, not clear if the low activities of AGPase, GBSS, SBE and SP in mutant S9 
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plants are the result of the pleiotropic effects of the reduced activity or just of the 
enzymes. Sweetlove et al. (1996a) found that transgenic potato plants did not show any 
accompanied pleiotropic effect of increased AGPase activity. However, Craig et al. 
(1998) found that in the rug5 mutants of pea, where a mutation in the gene for SSII 
caused dramatic reduction or loss of the SSII protein, the mutations have pleiotropic 
effects on the activities of other isoforms of SS but apparently not on those of other 
enzymes of starch synthesis. 
 
6.4. Conclusion 
The present study compared the maximum catalytic activity of the eight key 
enzymes in the classical pathway of carbohydrate metabolism in the storage root tissues 
of both wild-type and mutand S9 plants. Among these SuS, UGPase, PGM and SS 
activities did not vary much in the cassava mutant S9 plants compared to the wild-type 
plants. Conversely, AGPase, GBSS, SBE and SP enzymes showed significantly lower 
activities in the storage root tissues of the mutant S9 plants. However, the striking feature 
here is that more than one enzyme in the biosynthetic pathway showed lower activity, 
due to the mutations. Based on the results obtained from this study, it was hypothesized 
that the difference in starch content, composition and molecular structure of mutant S9 
plants might be due to the low activities of these key enzymes. At the moment it is not 
known whether the reduction in the maximum catalytic activities for some of these 
enzymes is due to the pleiotropic effects of certain enzymes which have to be studied in 




Chapter 7. Genetic variation and gene expression studies in the 
cassava mutant S9 plants 
 
7.1. Introduction 
Several studies have indicated changes in nuclear DNA content and somaclonal 
variations in plants regenerated from somatic embryos (Isabel et al., 1996; Roth et al., 
1997). Since the cassava mutant S9 plants were somatic embryo derived plants, it was not 
known whether somaclonal variations were there in addition to induced variations. 
Besides somaclonal variations, regenerated plants from tissue culture systems would have 
variations due to modifications in gene expression brought about by heritable, but 
potentially reversible, changes in chromatin structure and/or DNA methylation (Henikoff 
and Matzke, 1997). The morphological abnormalities of mutant S9 plants (refer to 
Chapter 4) might be due to chromosomal aberrations or minute changes in the genetic 
architecture. Such variations can be assessed by analysis of phenotype, chromosome 
number and structure, proteins or direct DNA evaluation of the plants (De Klerk, 1990). 
The genes encoding for most of the enzymes of carbohydrate metabolism with one 
or more individual isoforms have been characterized in several plant species including 
cassava (Salehuzzaman et al., 1992 &1993; Gao et al., 1998; Kim et al., 1998; Park and 
Chung, 1998; Sun et al., 1998). In addition, their tissue level expression and role in starch 
biosynthesis are well studied. As described previously (refer to Chapters 2, 5 and 6), 
there are several mutant plants reported with loss of activity of certain key enzymes of 
carbohydrate metabolism in non-photosynthetic tissues (Hovenkamp-Hermelink et al., 
1987; Bhattacharyya et al., 1990; Smith and Martin, 1993; Denyer et al., 1995a; 
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Nakamura et al., 1995; Smith et al., 1995; Hannah, 1997; Craig et al., 1998; Yu et al., 
2000). Furthermore, transgenic experiments in which many of these genes are over-
expressed or suppressed by sense or antisense techniques have indicated the role of each 
of this gene in starch biosynthesis (Sweetlove et al., 1996a & b; Duwenig et al., 1997b; 
Smith et al., 1997; Kossmann and Loyd, 2000; Schwall et al., 2000; Denyer et al., 2001). 
Most of the starch mutants are reported in plants such as pea, maize, potato and rice. In 
cassava so far no such natural mutants are reported yet. However, starch-less transgenic 
cassava plants were reported with antisense suppression of the AGPase B gene 
(Munyikwa et al., 1998). In Chapter 6, it was shown that storage roots of mutant S9 
plants showed low activities of certain enzymes of the starch synthesis pathway. Genetic 
characterization of cassava mutants that affected starch biosynthesis in the storage roots 
would be useful to extend our understanding of carbohydrate metabolism in plants. 
The overall objective of this study was to test the hypotheses that the gross changes 
in mutant S9 plants might be associated with changes in genetic architecture like 
chromosomal aberrations or mutations that caused a low gene expression for certain 
enzymes of the starch synthesis pathway. In order to test this, the present study analyzed 
the genetic variability and protein profile of the mutant S9 plants and compared them 
with the results from wild-type plants. Assuming that, in mutant S9 plants, the low 
activity for some of the enzymes (refer to Chapter 6) might be due to low levels of 
expression of the corresponding genes, this study analyzed the gene expression for these 
enzymes at various developmental stages of storage roots. These results are discussed and 
the extent to which we can extrapolate our conclusions with cassava to cover starch 
synthesis in general is considered. 
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7.2. Materials and methods 
7.2.1. Isozyme studies 
Total soluble proteins of cassava leaves (6-month-old-plants) were extracted using 
a buffer containing 0.2 M Tris-HCl, pH 8, and 1 mM phenylmethylsulphonylfluoride 
(PMSF), according to Haider and El-Shanshoury (2000). Tissues (1 g) were collected, 
frozen immediately in liquid NB2,B and powdered with a mortar and pestle. These finely 
powdered tissues were subsequently extracted with five volumes of ice-cold extraction 
buffer at 4°C. The homogenate was centrifuged at 5000 g for 20 min and proteins in the 
supernatant were precipitated with five volumes of cold acetone at -20°C for 2 h. Pellets 
obtained after centrifugation at 8000 g for 20 min were used for isozyme studies.  
Native 1-D discontinuous pH polyacrylamide gel electrophoresis (PAGE) was 
carried out according to Davis (1964) and Ornstein (1964), using 7.5% (w/v) running gels 
at 30 mA with a run time of around 4.5 h. Electrophoresis was carried out at 4°C to 
minimize loss of enzyme activity. After electrophoresis the gels were washed in distilled 
water and subjected to isozyme studies. Substrate solutions of different staining 
procedures for enzymes such as α-esterase/lipase, acid phosphatase and malate 
dehydrogenase, were prepared fresh and the gels incubated in the substrate solutions at 
37°C. Staining time varied from 30 min to 4 h. Bands that appeared were visually 
classified as distinct or faint.  
For acid phosphatase the procedure of Scandalios (1969) was used. The staining 
solution contained 75 ml of 0.04 M sodium acetate buffer (pH 4.5), α-naphthyl phosphate 
sodium salt (75 mg), Fast garnet GBC salt (75 mg), PVP-40 (125 mg) and 4 ml of 10% 
(w/v) MgClB2 B. For esterase/lipase naphthyl acetate (C2) was used as the substrate (Shaw 
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and Prasad, 1970). The test was extended to longer carbon chain substrates by also using 
naphthyl butyrate (C4) and caprylate (C8) as well. The staining solution contained 100 ml 
0.5 M sodium phosphate buffer (pH 6.5), 6 ml of 1% (w/v) α-naphthyl acetate, butyrate 
or caprylate and 75 mg of Fast Blue RR salt. Malate dehydrogenase was stained 
according to Nichols and Ruddle (1973). The solution contained 75 ml of 0.08 M Tris-
HCl buffer (pH 8.0), 5 ml of malic acid solution (13.4 g DL-malic acid, 8.0 g NaOH, 100 
ml deionized water, adjusted to pH 7.0 with 4 M NaOH), NAD (10 mg), nitro blue 
tetrazolium (10 mg) and phenazine metasulphate (2.5 mg). 
 
7.2.2. Cytological studies 
Stem cuttings of field-grown cassava plants were planted in potting mixture 
(Potgrond Terreau Universal Multipurpose Substrate). After 6-10 days young root tips 
were collected and pre-treated with a 1:1 (v/v) mixture of saturated aqueous para-
dichlorobenzene solution and 0.002 M 8-hydroxyquinoline. The root tips were initially 
chilled in this mixture at 0-5ºC for 5 min and then kept at 12-16ºC for 3-4 h (Sharma and 
Sharma, 1980). The pre-treated root tips were then washed thoroughly with distilled 
water and fixed in a 1:3 (v/v) acetic-alcohol mixture overnight, followed by the addition 
of 0.4 M Na B2 BHPOB4 B solution (pH 9) containing 5 µg/ml of 4, 6-diamidino-2-phenylindole 
(DAPI). The tissues were then squashed in NaB2 BHPOB4 B buffer (0.4 M, pH 9) and viewed 





7.2.3. Analysis for DNA content by flow cytometry  
For flow cytometric analysis, young leaves from both wild-type (PRC 60a) and 
mutant S9 plants were selected. About 100 mg fresh weight of tissues were transferred 
into a plastic Petri dish (60 mm diameter) containing 2 ml of ice-cold nuclei isolation 
buffer. The tissues were chopped for 1.5 min using a sharp razor blade.  For making the 
nuclei isolation buffer, first MgSOB4 B buffer was prepared by using 10 mM MgSOB4 B, 50 mM 
KCl and 5 mM HEPES. The final pH of the solution was adjusted to 8.0. To this MgSOB4 
Bbuffer, 1 mg/ml DTT and 2.5 mg/ml Triton X-100 were added (Armuganathan and Earle, 
1991). Chopped tissues were then incubated in the same extraction buffer for about 30 
min on ice. The suspended nuclei were filtered through a nylon mesh (33 µm). Staining 
of the nuclei involved the addition of 100 µl DNAse-free ribonuclease (1 mg/ml) to 
isolated nuclei in the buffer, followed by the addition of propidium iodide (PI, final 
concentration 100 µg/ml, dispensed from 5 mg/ml stock solution made up in distilled 
water and stored in darkness at room temperature). The homogenates were maintained on 
ice. Flow analysis was usually performed at least 30 min after addition of the PI and 
ribonuclease. Flow analysis was done using a Coulter Elite flow cytometer equipped with 
a 20 mW Argon laser (488-nm emission). Chicken red blood cells (CRBC) were used as 
the internal standard. CRBC have a 2C DNA content of 2.33 pg (Galbraith et al., 1983). 
The 2C DNA content of different tissues was calculated using the formula given below 
(Armuganathan and Earle, 1991).  
 
 X 2.33pg 
Nuclear DNA content = Mean position of plant nuclear peak 
Mean position of CRBC nuclear peak 
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7.2.4. Extraction and SDS-PAGE of leaf and storage root soluble proteins 
Young leaf tissues (5 g) were freshly collected from 6-month-old plants and frozen 
immediately with liquid N B2 B. The tissues were then finely powdered with a mortar and 
pestle, and the powder was extracted with five volumes of extraction buffer as described 
in section 7.2.1. Pellets obtained after centrifugation at 8000 g for 20 min were dissolved 
in sample buffer of 0.125 M Tris-HCl, pH 6.8, 2% (w/v) SDS, 10% (w/v) sucrose, 1% 
(v/v) β-mercaptoethanol and 0.1% (w/v) bromophenol blue. 
Cassava storage root total soluble proteins were extracted according to Cabral et al. 
(2000). Storage roots from 10-month-old plants were peeled, sliced and homogenized 
(1:3) in ice-cold extraction buffer [25 mM NaHB2 BPOB4 B, pH 7.0, 250 mM NaCl, 10 mM 
EDTA, 10 mM thiourea, 10 mM DTT, 1 mM PMSF and 1.5% (w/v) PVP-10] using a 
mortar and pestle. The homogenate was subjected to constant agitation (150 rpm) in a 
rotary shaker overnight at room temperature, then filtered through four layers of 
cheesecloth and centrifuged twice (2 h at 9000 g and 2 h in 10,000 g each) to eliminate 
debris and starch. The supernatant was treated with two volumes of cold ethanol (1 h at -
80°C). The mixture was then centrifuged for 1 h at 9000 g and the pellets were dissolved 
in suspension buffer (20 mM NaHB2 BPOB4 B, pH 7.0, 100 mM NaCl, 20 mM EDTA, 1 mM 
PMSF, 5 mM DTT). The protein preparation was concentrated by lyophilization and 
resuspended in 0.5-1 ml of suspension buffer. Insoluble material was removed by 
microcentrifugation (12000 g for 20 min.). Protein quantifications were performed using 
Bio-Rad Protein Assay Kit (Bradford, 1976). 
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The total soluble proteins from leaf and storage roots were denatured by heating at 
90°C for 3 min and then separated by 7.5% (w/v) SDS-PAGE (Laemmli, 1970). The 
bands in the gel were detected either with coomassie blue or silver staining methods.  
 
7.2.5. MALDI-TOF-MS identification of root proteins 
Storage root soluble proteins were electrophoretically separated on the gel as 
described in section 7.2.4. The protein bands which were differentially present in the 
wild-type plants were excised from the gel and the gel pieces were digested with trypsin 
according to the procedure described by Shevchenko et al. (1996). The disulphide bonds 
in protein samples were reduced by adding a fresh solution of 10 mM DTT in 100 mM 
ammonium bicarbonate and incubated at 57°C for 60 min (Shevchenko et al., 1996). 
Alkylation was performed by incubating in a 55 mM iodoacetamide solution prepared in 
100 mM ammonium bicarbonate solution according to Shevchenko et al. (1996). 
The homogeneity of the protein and the molecular mass of the protein(s) were 
determined using MALDI-TOF MS on a Voyager DE-STR Biospectrometry Workstation 
(Applied Biosystems, Foster City, CA, USA). Desalted protein samples at concentrations 
of 1 to 5 pmol/µl were used for analysis. The protein sample (1 µl) was spotted onto a 
100-well stainless steel sample plate and 1 µl of the saturated matrix solution [sinapinic 
acid (3, 5-dimethoxy-4-hydroxycinnamic acid) in the form of a freshly prepared saturated 
solution (10 mg/ml) in 1:1 acetonitrile and water containing 0.3% trifluroacetic acid and 
centrifuged at 12000 g for 2 min prior to use] was immediately spotted over the protein 
sample. The plate was dried in a stream of warm air (allowing co-crystallization of the 
protein with the matrix), and then introduced into the mass spectrometer. The 
accelerating voltage was set at 25000 V, the grid voltage at 93%, the guide wire voltage 
at 0.3%. Molecular ions were generated using a nitrogen laser (wavelength, 337 nm) at an 
intensity of 1800 to 2200. Extraction of ions was delayed by 800 nanoseconds. The 




7.2.6. Immunoblot analysis for starch phosphorylase enzyme 
 
SDS-PAGE of storage root total soluble proteins was performed in 7.5% (w/v) 
acrylamide gels as described previously (Laemmli, 1970). After electrophoresis proteins 
were transferred to a nitrocellulose membrane (Towbin et al., 1979) at 100 V for 2 h in a 
Bio-Rad transfer cell. In order to prevent the non-specific binding of antibody, the blot 
was blocked by incubating the membrane for 1.5 h at room temperature in PBS buffer 
containing 0.1% (v/v) Tween 20 and 2% (w/v) BSA. Blots were immuno-detected with 
polyclonal antibodies directed against potato plastidic starch phosphorylase (Brisson et 
al., 1989; kindly provided by Prof. Brisson, University of Montreal, Canada). The anti-SP 
antibody was used at a dilution of 1:5000, and the blots were washed five times for 5 min 
in PBS buffer, pH 7.5, containing 0.1% (v/v) Tween 20, followed by reaction with goat 
anti-rabbit IgG antibodies conjugated with alkaline phosphatase (Amersham) for 1 h in 
the same solution but containing 1% (w/v) BSA. The blot was finally washed three times 
for 5 min in PBS-Tween and twice in PBS then incubated with the substrate NBT-BCIP 





7.2.7. Nucleic acid isolation  
Total RNA was isolated from storage root tissues according to the method of 
Murray and Thompson (1980) with some modifications. Fresh storage roots were 
collected and cleaned thoroughly. The roots including the peel were then frozen 
immediately with liquid N B2 B. Frozen materials were ground to a fine powder in liquid 
nitrogen. Approximately 2 g of powdered tissue was then homogenized in buffer 
containing 2% (v/v) β-mercaptoethanol, 2% (w/v)P Phexa decyl trimethyl ammonium 
bromide (CTAB), 100 mM Tris-HCl (pH 7.5), 20 mM EDTA, 2 M NaCl, and 1% (w/v) 
(PVP-10). P PThe homogenate was incubated in a water bath at 65°C for 15 minP Pwith 
occasional shaking. After centrifugation (12000 g, 20 min), the aqueous phaseP Pwas 
extracted at least twice with an equal volume of chloroform:phenol (1:1, v/v). Total RNA 
was precipitated by adding 0.25 volume of 10 M lithium chloride, and kept overnight on 
ice. TheP Ppellet was obtained by centrifugation (12000 g, 20 min) and washed twice with 
70% (v/v) ethanol, dried, and dissolvedP Pin diethylpyrocarbonate (DEPC)-treated water. 
The dissolved RNA was precipitated again by ice-cold ethanol after the addition of 1/10 
volume of 3 M sodium acetate solution, pH 5, centrifuged and the pellet again washed 
with 70% (v/v) ethanol and then air dried. The RNA was dissolved in DEPC-treated 
autoclaved water and purity and concentrationP Pwere determined spectrophotometrically. 
The integrity of RNA was P Pevaluated by separation on a glyoxal-agarose gel.  
 
7.2.8. RT-PCR experiments 
A two-step RT-PCR was performed for amplifying each gene from cassava storage 
root total RNA. Total RNA (2 µg) was reverse transcribed using the MMLV-reverse 
transcriptase enzyme (StrataScript RT, Stratagene) according to the manufacturer's 
instructions. cDNA was produced for each RNA sample using a cDNA synthesis kit 
(Stratagene). cDNA was aliquoted and kept at 4°C during the whole experiment to avoid 
discrepancy in the data as a result of repeated freeze-thaw cycles. 
The oligonucleotide degenerate primers were used for the PCR amplification of 
AGPase large subunit gene, whereas for GBSS and SBE, gene specific primers were used 
for PCR amplification. The following oligos were used for PCR experiments. 
ADP-glucose pyrophosphorylase (AGPase) B gene:  
(Gene sequences for primers were deduced from amino acid sequence published by 
Munyikwa et al., 2001) 
 
Forward primer: 5’-CCIGA(A/G)AA(C/T)CCIAA(C/T)TGGTT-3’ 
Aminoacid sequence: 183-188 
Backward primer: 5’-T(C/T)TC(A/G)TA(A/G)TA(A/G)TCIGCICCCAT-3’ 
Amino acid sequence: 439-446 
 
Granule-bound starch synthase I (GBSSI) gene:  
(Gene bank accession No: X74160) 
Forward primer: 5’-CCCTGGAGCAAAACTGGTGGAC-3’ 
Gene sequence: 351-372 
Backward primer: 5’-CACATTCTGGCTGGTCCCTTCC-3’ 
Gene sequence: 1779-1801 
 
Starch branching enzyme (SBE): 
  
(Gene bank accession No: X77012) 
Forward primer: 5’-GTGTTCTGATGGATGTTGTTC-3’ 
Gene sequence: 1096-1116 
Backward primer: 5’-ATAACTCCACCCATTGCC-3’  
Gene sequence: 1923-1940 
 
PCR was performed using Advantage Klen Taq polymerase mix (CLONTECH 
Laboratories). For AGPase B gene, a 50 µl PCR reaction contained 5 µl of 40 times 
diluted cDNA template, 4 µl each of primers (10 pmol/µl), 0.5 µl of dNTP mix (5 mM 
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each), 5 µl of 10x PCR buffer, 1 µl of polymerase mix (50x) and rest PCR grade water. 
Whereas, for GBSSI and SBE a 50 µl PCR reaction contained 3 µl of 40 times diluted 
cDNA template, 3.5 µl each primers (10 pmol/µl), 0.5 µl of dNTP mix (5 mM each), 5 µl 
of 10x PCR buffer, 1 µl of polymerase mix (50x) and the rest PCR grade water. The 
thermal cycling parameters were as follows. 
In all cases an initial PCR activation of one cycle was performed at 94, 40 and 
68°C successively for 5 min each. Amplification then involved by 30 PCR cycles at 94°C 
for 1 min, 56°C for 1 min, and 68°C forP P1 min (AGPase), 94°C for 1 min, 63°C for 1 min, 
and 68°C for P P1 min (GBSSI) and 94°C for 1 min, 55°C for 1 min, and 68°C for P P1 min 
(SBE). In all cases a final extension at 72°C for 7 min was performed after the cycling 
reaction. The PCR products were electrophoresed on 1% (w/v) agarose gels, and the size 
confirmed in each case.  
 
7.2.9. Cloning and sequencing of PCR products 
Each PCR product was purified by QIAquick PCR purification kit (Qiagen) 
according to the manufacturer’s instructions and then ligated into a pDrive cloning vector 
(Qiagen). The vector ligated DNA was then used for transformation of DH5-α competent 
cells by heat shock treatment. The recombinant clones were selected, cultured and 
plasmid DNA were isolated according to standard protocols (Sambrook et al., 1987). The 
plasmid DNA was digested with EcoRI enzyme and size of the inserts were confirmed in 
a 1% (w/v) agarose gel for each PCR amplified gene product.  
Isolated cDNA clones were sequenced using the DYEnamic ET Terminator cycle 
sequencing kit (Amersham) and an ABI PRISM 3100 DNA sequencerP P(Perkin-Elmer, 
Applied Biosystems). For sequencing PCR, the vector promoter sequences SP6 (5’-
CATTTAGGTGACACTATAG-3’) and T7 (5’-GTAATACGACTCACTATAG-3’) were 
used. Sequence data were compared with all of the known sequences in the National 
Center for Biotechnology Information (www.ncbi.nlm.nih.gov) database with the BLAST 
search program (Altschul et al., 1997). Alignment of sequences was made by using the 
Clustal W multiple sequence alignment program (version 1.7, June 1997). 
 
7.2.10. cDNA gel blot analysis for gene expression studies 
The gene expression was studied by cDNA blotting technique following Jaakola et 
al. (2001). Total RNA sample (30 µg) was reverse-transcribed by superscript MMLV 
reverse transcriptase (Stratagene) from an anchored oligo-dT primer using standard 
methods in a reaction volume of 60 µl. The cDNAs were run on a 1% (w/v) agarose gel 
for 10 h and 30 min at 18 V. The gel was stained with ethidium bromide. After two 
washes in each of denaturation (0.5 M NaOH, 1.5 M NaCl) and neutralization (0.5 M 
Tris-HCl, pH 7.5, 3 M NaCl) buffers according to the standard Southern blotting 
procedure, the gel was blotted on to a nylon membrane (Boehringer & Mannheim) 
overnight in 10x SSC. The cDNAs were UV cross-linked to the membrane and 
hybridized with various probe molecules which was previously labelled with 
digoxigenin-dUTP (Boehringer & Mannheim) according to the manufacturer’s 
instructions. Prehybridization, hybridization, washing, and detection of bands in the 
membrane were conducted by using the nonradioactive DIG system from Boehringer 
Mannheim, following the manufacturer's protocols. Hybridization was performed 
overnight at 42°C in DIG prehybridization solution, (Boehringer Mannheim) in a probe 
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concentration of 1 ng/ml. The membrane was washed twice in 2x SSC, 0.1% (w/v) SDS 
for 5 min each and twice in 0.1% (v/v) SSC, 0.1% (w/v) SDS for 15 min each at 42°C. 
Nucleic acids were detected using the DIG Nucleic acid Detection Kit (Boehringer & 
Mannheim) and CDP-starPTMP (Boehringer & Mannheim). 
 
7.2.11. RNA differential display analysis 
Differential display analysis (Liang and Pardee, 1992) was performed using the 
Delta Differential Display Kit (CLONTECH Laboratories) according to the 
manufacturer's recommendation.P PTotal RNA samples from 1-month-old cassava plants 
were treated with RNase-free DNase I (CLONTECH)P Pto remove residual DNA. The 
treated total RNA (2 µg each) wasP Pused for the first-strand cDNA synthesis. PCR 
amplification ofP PcDNA products was performed according to the manufacturer's 
instructionsP Pin the presence of [α-P33 P ] dATP by using 90 combinations of upstream "P" 
primers and downstreamP P"T" primers supplied in the kit. AmplifiedP P CR products were 
separated on a 5% (w/v) denaturing polyacrylamideP Pgel in thermostatic conditions. Gels 
were dried under vacuum atP P75°C for 40 min and exposed to X-ray films overnight. 
Differentially P Pdisplayed bands were excised, eluted in 50 µl of sterile waterP Pat 100°C for 5 
min, and re-amplified by PCR and the products wereP Panalyzed on agarose gels. PCR 
products were purifiedP Pby using the QIAquick PCR purification kit (Qiagen)P Pand cloned 
into pDrive Cloning Vector (Qiagen).P PcDNA clones containing different inserts of the 
expected size P Pwere further selected by DNA dot-blot analysis according to theP Pmethod of 
Corton and Gustafsson (1997). The identified clonesP Pwere checked by cDNA blot 
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analysis of their expression patternsP Pin cassava storage roots and later sequenced and 
BLAST searched for homology as explained before.  
 
7.3. Results and discussion 
7.3.1. Isozyme pattern and cytological observations 
Three different isozyme patterns were studied for cassava leaf soluble proteins. 
These were acid phosphatase, α-esterase/lipase and malate dehydrogenase. Very distinct 
bands could be seen for the acid phosphatase enzyme. The wild-type and S9 plant 
isozyme patterns appeared to be similar for this enzyme (Fig. 7.1). Acid phosphatases 
have been widely used in identifying several varieties of fungi as well as higher plants, 
including cassava (Mok, 1978; Blogg and Imrie, 1982; Keller, 1992; Gerald, 1994). In 
the present study, esterase/lipase activity was detected with α-naphthyl acetate as 
substrate, while no activity was detected using butyrate or caprylate substrates. Even for 
α-naphthyl acetate only one faint band could be identified. Ocampo et al. (1993) have 
used esterase activity for identification of cassava varieties, and observed very complex 
banding patterns. For malate dehydrogenase only one faint band could be seen in wild-
type plants, whereas this band was absent in the gel for mutant S9 plant proteins (Fig. 
7.1). The reason for the weak banding pattern is not known. It was possible that these 
enzymes were present but in amounts too small for detection. In addition to 
morphological features, isozyme pattern have widely been used in determining genetic 
variability and/or identifying inbred lines or cultivars (Smith and Smith, 1987; Smith 
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Fig. 7.1. Isozyme pattern of the cassava leaf soluble proteins. Cassava total leaf soluble 
proteins were isolated as mentioned in the text. For acid phosphatase 50 µg and for 
esterase/lipase and malate dehydrogenase 30 µg of total protein were loaded in the gel. 
Each enzyme activity was detected as mentioned in the text. 
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Mitotic squash experiments from root tip cells revealed that there were no major 
differences in chromosome architecture of mutant S9 plants compared to wild-type 
plants, in terms of number and general morphology (Fig. 7.2). In both plants the somatic 
chromosome number was identified as 2n=36. In many mutants including transgenic 
plants chromosomal aberrations have widely been identified (Suganthy and Reddy, 1992; 
Singh, 2002). However, using the light microscopy method this study met with several 
limitations in determining any minute structural changes or chromosomal aberrations, 
due to mutations in mutant S9 plants. Such changes may be identified by using high-
resolution electron or confocal microscopy methods. As discussed in Chapters 2 and 4, 
cassava is an allotetraploid species with a chromosome number 2n=36. Cytogenetic 
studies are of great importance in analyzing hybrids and identifying varieties of cassava 
(Nassar, 1980). Moreover, it can be a reliable tool in identifying mutations in plants as 
well as varietal identifications (Badaeva, 2002; Helena et al., 2002).  
To find out whether there is any ploidy difference or DNA endoreduplication 
during the development of the mutant S9 plants, nuclear DNA content of young in vitro 
leaf tissues was measured using flow cytometry. Peaks in the histogram represent the 
number of nuclei (each nucleus is one event) with a particular DNA content (Fig. 7.3). It 
was found that the 2C DNA content in wild-type plants (1.61±0.02 pg) and mutant S9 
plants (1.64±0.01) was more or less similar. Awoleye et al. (1994) showed that 2C DNA 
content in a cassava variety as 1.67 pg/cell nucleus. However, genotype variation might 
be reflected in such differences (Lee and Philips, 1988). Most of the nuclei contain the 
basic (2C) or double the basic (4C) DNA content. The pattern was closely similar in 














Fig. 7.2. Photomicrographs of somatic chromosomes of cassava. Root tip cells were pre-
treated with 1:1 mixture of saturated aqueous para-dichlorobenzene solution and 0.002 M 
8-hydroxyquinoline solution and fixed in 1:3 acetic-alcohol mixture and the 












Fig. 7.3. Flow cytogram of nuclei from PRC 60a and mutant S9 plants. Events indicate 
number of nuclei and PMT4 represents intensity of fluorescence. Nuclei were isolated 
and stained with propidium iodide and then subjected to flow cytometry analysis. 
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there was no difference in ploidy level or total DNA content. 
 
7.3.2. SDS-PAGE profiles of leaf and root proteins  
Comparative analysis of soluble fractions from whole leaf and storage roots by 
SDS-PAGE revealed there were quantitative and qualitative differences between the 
wild-type and mutant S9 plants (Fig. 7.4 and 7.5). In addition to coomassie blue, silver 
staining was used to identify differentially distributed proteins of even lower abundance 
in the soluble fractions of storage roots. Figure 7.5 shows that, compared to wild-type 
plants, several polypeptide bands were absent or only weekly present in the total soluble 
proteins of mutant S9 plant storage roots. Two polypeptides, one of 100 and the other 80 
kD, were almost absent from the soluble fractions of storage roots of mutant S9 plants. In 
addition to these, some polypeptide bands that were either absent or only weekly 
represented were observed in SDS-PAGE gels, indicating further differences in the total 
soluble proteins of storage root of mutant S9 plants (Fig. 7.5). Storage protein 
electrophoretic profiles have been widely used in higher plants for varietal identification 
(Haider et al., 2000). 
Further characterization of the predominant differentially distributed polypeptides 
involved excision of the bands for some of the most abundant polypeptides, followed by 
MALDI-TOF-MS analysis. MALDI-TOF-MS analysis identified two proteins of interest 
(Fig. 7.5; protein bands indicated by arrows). Accordingly, a 100 kD plastidic SP and 80 
kD Hsp70 heat-shock proteins were identified using this method (Fig. 7.6). 
Immunoblot analysis was used to analyze the occurrence of SP enzyme in wild-



































Fig. 7.4. SDS-PAGE protein profile of soluble extracts from cassava leaves. Soluble 
proteins extracted from young leaves of 6-month-old plants were resolved in a 7.5% 
(w/v) SDS-polyacrylamide gel under denaturing conditions and stained with coomassie 
blue. Approximately 30 µg protein loaded in each lane. M, Protein marker (Bio-Rad); A, 
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Fig. 7.5. SDS-PAGE profile of soluble proteins from cassava storage roots. Proteins 
extracted from 10-month-old plants were resolved in a 7.5% (w/v) SDS-polyacrylamide 
gel under denaturing conditions and silver stained. M, Protein marker; A1, A2 & A3, 
PRC 60a plants with 15, 30 and 45 µg protein, respectively. B1, B2 & B3, mutant S9 
plants with 15, 30 and 45 µg protein, respectively. Arrows indicate the two differentially 
present polypeptide bands in PRC 60a storage root protein fractions which were 






















Fig. 7.6. Mass spectral data of two proteins identified by MALDI-TOF-MS, which were 
differentially present in the wild-type (PRC 60a plants) total storage root soluble proteins 
and absent or weekly present in mutant S9 plants. The spectral data were compared and 
blasted with protein data bank and based on homology the two proteins were identified as 































































Hsp70 Heat-shock protein 
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storage roots, the antibodies recognized a 100 kD protein in wild-type plants, but did not 
recognize the protein in mutant S9 plants (Fig. 7.7; indicated by arrow). In potato, 
Brisson et al. (1989) identified a 105 kD plastidic SP, whereas in maize Yu et al. (2001) 
identified a 112 kD plastidic form of SP. Therefore, it appears that the size of the protein 
varies from genus to genus. Consistent with the enzyme activity data described in the 
previous chapter (refere to Chapter 6, Table 6.2), immunoblots showed that the SP 
activity was lower in mutant S9 plants than in the wild-type plants. Taken together, this 
information provided evidence that that the low SP activity in mutant S9 plants might be 
due to the absence of the plastidic SP enzyme. However, the residual activity (refer to 
Chapter 6, Table 6.2) in mutant S9 plants could be due to other isozyme or a very low 
level of expression of the missing isozyme. 
Immunoblots also showed that the antibodies cross-reacted with other, faster-
migrating species of the soluble storage root protein fractions (Fig. 7.7). This can be 
interpreted as the occurrence of other distinct isoforms of the enzymes, or products of 
endogenous proteolytic activity (Plaxton and Preiss, 1987; Hannah et al., 1995), or even 
of non-specific antibody reactions. 
As discussed in Chapters 2 and 6, the exact role of SP enzyme in starch 
biosynthesis is not very clear. Although SP in vitro catalyzes both the synthesis and the 
degradation of glucan molecules, many researchers suggest a purely degradative role of 
this enzyme in vivo (St-Pierre and Brisson, 1995). However, in many storage organs the
level of SP gene expression and enzyme activity increases during starch accumulation 
and storage organ development (Brisson et al., 1989; van Berkel et al., 1991). In contrast, 

















Fig. 7.7. Immunoblot analysis for starch phosphorylase enzyme. Total storage root 
proteins were isolated from 10-month-old plants and separated on 7.5% (w/v) SDS-
PAGE gels. The gels were then immunoblotted with rabbit anti-starch phosphorylase 
antibodies raised against a 105 kD potato plastidic form of starch phosphorylase. A1, A2 
& A3, PRC 60a plants with 15, 30 and 45 µg proteins and B1, B2 & B3, mutant S9 plants 
with 15, 30 and 45 µg proteins, respectively. 
 A1  B1  A2 B2 A3  B3 
200 
150 
  75 
100 
kD 
  50 
  25 
  37 
 
 181 
in potato tubers (Davies and Ross, 1987; Bhatt and Knowler, 1992). SP was once 
considered the predominant enzyme catalyzing starch chain elongation in maize 
endosperm (Tsai and Nelson, 1969a). Over the past three decades most efforts to 
characterize the flow of carbon from glucose-1-phosphate to starch have focused on 
AGPase, SS, SBE and SDE. It was proposed that the major route of starch synthesis is via 
the AGPase-SS pathway (Smith et al., 1997). Furthermore, antisense techniques used to 
reduce the expression of plastidic SP in potato leaf (Sonnewald et al., 1995) and cytosolic 
SP in potato tuber (Duwenig et al., 1997b) have shown little effect on starch synthesis or 
degradation. These findings have raised uncertainties concerning the true role of the 
enzyme. Nevertheless, why the expression of plastidic SP gene and enzyme activity 
correlate well with starch biosynthesis during storage organ development remain 
unanswered. The fact that the SP enzyme was enriched in the amyloplast stroma where 
other starch synthesizing enzymes could be localized supported the hypothesis that SP 
might play some role in starch biosynthesis (Yu et al., 2001). In maize the shrunken-4 
mutant kernel contains one-third as much starch as the wild-type kernel, resulting in its 
shrivelled, opaque phenotype (Tsai and Nelson, 1969b; Burr and Nelson, 1973). Yu et al. 
(2001) observed that in shrunken-4 mutant plant endosperms, the specific activity of SP 
was reduced to 66% of the wild-type level due to the reduction of a112 kD stroma SP 
protein by 50%. Takaha et al. (1998) have suggested that disproportionating enzymes 
may work in conjunction with SP for starch synthesis via the SP phosphorolytic reaction 
in the context of the "discontinuous synthesis model" or the "glucan-trimming model" 
(Ball et al., 1996; Myers et al., 2000). The phosphorolytic reaction of SP is in fact 
stimulated by the presence of disproportionating enzymes (Colleoni et al., 1999). The 
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present study demonstrated that a 100 kD plastidic SP protein was totally absent in the 
mutant plants and the overall changes in starch biosynthesis of mutant S9 plants might 
also be partly attributed to low activity of this enzyme (Fig. 7.7). Therefore, these plants 
would provide a foundation for further studies to characterize the exact role of this 
enzyme in cassava storage root starch biosynthesis. 
MALDI-TOF-MS analysis putatively identified a 80 kD Hsp70 heat-shock protein 
which seemed to be absent in the mutant S9 plant storage root soluble protein fractions 
(Fig. 7.5). The identity of this protein has to be further confirmed by immunoblot 
experiments or sequencing. Yu et al. (1998) identified an 81 kD Hsp70 protein from 
maize amyloplasts and proposed a working model for the role of this protein in starch 
biosynthesis. According to this model, amyloplast stromal Hsp70s which probably act as 
molecular chaperonins forming transient complexes with the polypeptides of starch-
biosynthetic enzymes and helping translocation across the amyloplast envelope and 
protein folding within the stroma (Hendrick and Hartl, 1993; Hartl and Martin, 1995; 
Boston et al., 1996; Miernyk, 1997). Several reports suggest a possible interaction 
between chaperonins and starch-biosynthetic enzymes (Lubben et al., 1989; Chang et al., 
2000). Chang et al. (2000) suggested that the chaperonins and the plastidic form of SP 
might associate with each other and together play roles in starch biosynthesis. However, 
it is not clear how this combination might function, and more direct evidence is needed. 
Starch-synthesising amyloplasts contain an abundance of a member of the Hsp70 family 
as well as further polypeptides that may influence granule composition and morphology 
(Lopes and Larkins, 1993; Nelson and Pan, 1995). Proteins of the Hsp70 family have 
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been found in the stroma of several other types of plastids, such as the chloroplast 
(Marshall and Keegstra, 1992; Wang H. et al., 1993) and chromoplast (Bonk et al., 1996). 
Accordingly, the absence of 100 kD plastidic SP and the 80 kD Hsp70 heat-shock 
protein in mutant S9 plants might also account for the morphological and structural 
differences found with the starch grains (refer to Chapter 5). However, the present results 
did not indicate whether the putative 80 kD Hsp70 protein is a cytosolic or a plastidic 
form. Furthermore, it is not known whether there is difference in the amyloplastic stromal 
protein profile between the wild-type and mutant S9 plants. These issues also must be 
addressed before we could come to a final conclusion regarding the starch biosynthesis 
and role of SP and/or Hsp70 heat-shock proteins. Indeed, such evidence would provide 
more understanding of starch biosynthesis in mutant S9 plants. 
 
7.3.3. RT-PCR and cDNA blot studies of AGPaseB, GBSSI and SBE genes 
RT-PCR experiments were performed to amplify the genes for which the mutant S9 
plants showed low enzyme activity (AGPase, GBSS and SBE; refer to Chapter 6). For 
RT-PCR experiments, total RNA was isolated from 3-month-old cassava plants, in which 
stage the plants were thickening their storage roots. For AGPase a 789 bp fragment of the 
AGPase B gene was amplified (Fig. 7.8), whereas, for GBSS and SBE 1.45 kb and 844 
bp fragments, respectively were amplified (Fig. 7.8). RT-PCR experiments showed that 
the transcripts for the three genes studied were weakly expressed in the mutant S9 plant 
storage root. Each amplified fragment was purified and cloned into a vector, then the 
sequence was confirmed for each gene as mentioned in the materials and methods 











































Fig. 7.8. RT-PCR experiments for 1. ADP-glucose pyrophosphorylaseB (AGPase B), 2. 
granule-bound starch synthase I (GBSSI) and 3. starch branching enzyme (SBE) genes. 
Total RNA isolated from 3-month-old storage root tissues of cassava plants. Reverse 
transcription and PCR amplification was done as explained in the text. PCR products (10 
µl) were electrophoresed on 1% (w/v) agarose gels at 60 V for 1 h. The gels were stained 
with ethidium bromide and nucleic acids were detected by UV rays. Arrows indicate the 
size of the PCR amplified products. M, marker DNA (Promega, 1 kb gene ladder). In 
each panel lanes a and b represent PCR amplification of expressed gene from PRC 60a 
and mutant S9 plants, respectively.  
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fragments were used as probes for blotting studies. cDNA blot analysis was undertaken to 
further examine the results of RT-PCR experiments and to investigate the expression of 
various genes during different developmental stages. As shown in Figure 7.9, the 
transcripts of AGPase B, GBSSI and SBE were detected in PRC 60a plants at all 
developmental stages. However, in 1-month-old wild-type plants, gene expression was 
weak for all enzymes compared to the older plants. This is probably due to the fact that at 
this stage the plants could have just started starch accumulation and thickening of their 
storage roots. In cDNA blot the AGPase B probe hybridized to a 2.0 kb transcript. The 
gene was moderately expressed in storage roots. Similarly, the GBSSI probe hybridized 
to a 2.4 kb transcript, whereas the SBE probe detected a 3.0 kb transcript in the blot. 
Figure 7.9 clearly demonstrated that for mutant S9 plants, the transcript level for all three 
genes studied decreased and the signal was lower compared to the wild-type plants. The 
genes were not expressed in 1-month-old mutant S9 plants.  
Under normal environmental conditions, cassava stem cuttings started shoot 
formation by axillary bud sprouting after 6-10 days of planting. Within a month the 
plants from stem cuttings had developed a shoot with 7-12 leaves. Wild-type plants at 
one month had started storage root development. In field conditions, following this, the 
growth of the plant enters into an active vegetative stage where storage root development 
was much faster. However, in 1-month-old mutant S9 plants the roots were very thin with 
no evidence of swelling. Overall, the vigour of mutant S9 plants in field conditions was 
poor compared to wild-type plants, as discussed in Chapter 4. After 3-4 months of growth 
wild-type plants yielded 200-500 g of storage roots, i. e. 40-60 times more than did 
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Fig. 7.9. Electrophoresis and cDNA blot analysis for cassava starch-biosynthetic genes of PRC 60a and mutant S9 plants. Total 
storage root RNA (30 µg) was reverse transcribed by MMLV-RT enzyme, then separated on a 1% (w/v) agarose gel and transferred to 
the nylon membrane. cDNAs were hybridized at high stringency with digoxigenin-labelled probes that were derived from the PCR 
amplified fragment of the genes. A, Total cDNA gel; B, cDNA blot with cassava-specific AGPaseB probe; C, cDNA blot with 
cassava-specific GBSSI probe; D, cDNA blot with cassava-specific SBE probe; M, marker DNA (Promega, 1 kb gene ladder); Lanes 
1, 2, 3 and 4 represent 1-, 4-, 7- and 10-month-old PRC 60a plant storage roots and 5-, 6-, 7-, and 8- represent 1-, 4-, 7- and 10-month-





starch content, composition and molecular structure were different than the wild-type 
plants (refer to Chapter 5). The overall changes in starch biosynthesis might be related to 
the low catalytic activity of some of the key enzymes of the pathway, as discussed in 
Chapter 6. The present study suggested that the results of gene expression studies were 
consistent with the low catalytic activity of the three enzymes as described in Chapter 6. 
It was found that AGPase activity decreased nearly 30% in 4- and 10-month-old mutant 
S9 plants compared to the wild-type plants (refer to Table 6.1). Similarly, GBSS and SBE 
activities were also decreased by 20-35% (refer to Table 6.2). RT-PCR and cDNA gel 
blot analysis in the present study demonstrated that the transcript level was lower in 
mutant S9 plants than in wild-type plants. In mutant S9 plants, consistent with the RT-
PCR results, cDNA blots showed no appreciable expression for any of the three genes 
studied. This agreed with the hypothesis that low gene expression might be the reason for 
the low enzyme activities. Taken together with these findings, the present study was 
consistent with the low enzyme activities being a result of mutations causing low 
expression of the genes coding for the enzymes. 
Expression of the AGPase B gene and AGPase enzyme activity were markedly 
decreased in mutant plants, and this might account for the low starch content and yield in 
mutant S9 plants (refer to Fig. 5.1, Table 6.1 and Fig. 7.9). The AGPase enzyme has a 
complex heterotetrameric structure. It is about 210-240 kD in size and is based on two 
subunit types, a large 54-60 kD subunit and a small 50-55 kD subunit (Copeland and 
Preiss, 1981). The two subunits are encoded by different genes in various plant species 
including cassava (Muller-Rober et al., 1990; Munyikwa et al., 2001). Both subunits are 
required for the full activity of the enzyme. Mutants lacking either one of the two 
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subunits in Arabidopsis (Lin, 1988b) or both subunits in maize (Hannah et al., 1980) 
showed considerable reduction in starch content. Similarly, antisense expression of the 
gene in transgenic cassava (Munyikwa et al., 1998) or potato plants (Muller-Rober et al., 
1992; Munyikwa et al., 2001) exhibited significant reductions in starch level. Gene 
expression study of only the AGPase B subunit gene was attempted in this study, as in 
cassava this gene always exhibited a considerably higher steady state mRNA level than 
did AGPase S subunit (Munyikwa et al., 2001). Furthermore, Munyikwa et al. (1998) 
reported that transgenic cassava plants carrying antisense expression of AGPase B gene 
showed a very low starch content in in vitro thickened stems, and that some of the 
transgenic plants showed stunted growth and curled leaves. 
There was considerable reduction in GBSSI transcript level in mutant S9 plants 
relative to wild type (Fig. 7.9) and this could be the reason for the low enzyme activity, 
discussed in Chapter 6 (refer to Table 6.2). From these independent lines of evidence it 
was likely that the low gene expression and the resulted low catalytic activity of GBSSI 
enzyme would significantly decrease amylose production, and our results were consistent 
with this notion (refer to Chapter 5). Several isoforms and genes have been characterized 
for this enzyme in many species (Vos-Scheperkeuter et al., 1986; Salehuzzaman et al., 
1993; Denyer et al., 1997). The present study analyzed only cassava GBSSI gene 
(Salehuzzaman et al., 1993) for the expression studies. Analyses of mutants in several 
plants have shown that GBSSI is the sole SS that produces the amylose of the storage 
starch (Patron et al., 2002). The amf mutants in potato and the low amylose or amylose-
free barley lacks GBSSI activity due to mutations in the gene, and contain amylose-free 
starch (Hovenkamp-Hermelink et al., 1987; Patron et al., 2002). Furthermore, several 
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transgenic experiments conclusively demonstrated that, in sweet potato, inhibition of 
GBSSI expression resulted in a large reduction in the amylose content (Kuipers et al., 
1994; Terada et al., 2000; Kimura et al., 2001).  
The observed differences in starch granule structure and a general reduction in very 
small chains of amylopectin molecules of starch from mutant S9 plants could be 
attributed to the relatively low SBE transcript level and resulted low enzyme activity in 
the storage roots. SBE activity in the mutant S9 plant storage root reduced 20-30% 
compared to the wild-type plants (refer to Chapter 6, Table 6.2). Multiple isoforms have 
been reported for this enzyme in several plant species (Smith and Martin, 1993). The 
activity of this enzyme is of crucial importance for the quality and quantity of starch 
synthesized in plant organs. The amylose-extender (ae) mutants of maize, rice and 
wrinkled seed pea mutants lack the activity of one of the isoforms of SBE. These mutants 
are characterized by a reduction in the starch content of seeds, or of endosperm, and a 
higher ratio of amylose over amylopectin, less highly branched amylopectin, small size 
and deep fissuring of starch grains and an increased amount of sugars (Bhattacharyya et 
al., 1990; Stinard et al., 1993; Nishi et al., 2001). Antisense expression of two SBE 
isoforms in potato resulted in complete suppression of amylopectin synthesis (Schwall et 
al., 2000). In this study the expression of only one SBE gene is studied. It is not known 
whether the expression of other isoforms was also affected.  
There were several possible reasons for low levels of gene expression for AGPase, 
GBSSI and SBE in mutant S9 plants. It is important to be aware that in mutant S9 plants 
it was not a single enzyme that was affected, but several genes had low expression and 
resulted in low activity for the corresponding enzymes. As discussed above, the absence 
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of 100 kD SP and 80 kD Hsp70 proteins will also contribute to these observations. On the 
basis of all of the evidence it could be hypothesized that there was a common regulatory 
mechanism (genes) controlling starch biosynthesis and such a regulator gene or 
mechanism might be affected in mutant S9 plants causing a low gene expression and 
activity for several enzymes. One common regulation of the carbohydrate metabolism is 
the amount of sucrose in the tissues. Several studies have shown that the sucrose content 
of non-photosynthetic tissues regulates many of the gene expression in the pathway 
(Smith and Martin, 1993). It has been reported that the expression of AGPase and SBE 
genes is induced or elevated by treatment with sucrose (Muller-Rober et al., 1990; 
Kossman et al., 1991). This suggests that nutrient flow may be a key step in the 
regulatory stimulus for these genes (Lopes and Larkins, 1993). However, the metabolite 
profile of mutant S9 plants is not known currently. Secondly, the fact that none of the 
genes studied showed a total absence of transcript, as found in the cDNA blot analysis 
(Fig. 7.9), indicated that these genes might not be affected by any severe structural 
mutations. However, this did not rule out the possibility that some minor deletion 
drastically reduced, but did not eliminate, expression of the gene. The third possibility 
was that the activity of several key enzymes might be affected by mutations in S9 plants 
at the post-transcriptional level. However, this might not be the real situation as there was 
residual activity found for each of these enzymes in mutant S9 plants. In any case the 
activity of enzyme, and gene expression, was not totally suppressed. As most of the 
enzymes in the pathway have several isoforms, the residual activity for these enzymes 
might be due to increased gene expression or the activity of other isoforms of the 
enzymes. More studies are needed in order to address these issues with substantial further 
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evidence. The cassava mutant S9 plant offers promising germplasm for further studies on 
starch biosynthesis.  
 
7.3.4. Differential expression of GTP binding proteins  
Differential display analysis was performed in order to analyze the differentially 
expressed RNAs, as cDNAs, in the wild-type plants compared to mutant S9 plants (Fig. 
7.10). Total storage root RNA from 1-month-old plants were used for reverse 
transcription and further analysis of the cDNAs. Several differentially expressing bands 
were identified from the polyacrylamide gels and they were purified and PCR amplified. 
The absence of these cDNA expressions in mutant plants were confirmed by dot blot 
analysis and then cloned and the sequence identified for each of the PCR product. 
Although several cDNA fragments were identified for their differential expression in 
wild-type plants, the present study could not characterize all of them. One of these 
differentially expressed cDNAs was identified with the primer combination P1 & T9 as a 
GTP-binding protein (Fig. 7.10). The sequence indicated that this gene showed up to 90% 
homology with Ran-like small GTP-binding proteins. This cDNA fragment was used as a 
probe, and cDNA blot analysis failed to detect any signal for the mutant S9 plants storage 
root gene expression (Fig. 7.10). The partial sequence of this gene is given in Fig. 7.11. 
The cDNA blots indicated that the size of this gene transcript would be nearly 1.3 kb. The 
GTP-binding proteins are involved mainly in cell cycle regulation and cell death 
(Kawasaki et al., 1999). However, any direct role of this gene in starch biosynthesis is 
not known. It was possible that the suppressed expression of this gene may cause some 
developmental problems in mutant S9 plants.  
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Fig. 7.10. Differentially expressing gene of Ran like GTP binding proteins in cassava storage roots. Panel A: Differentially present 
band is represented by an arrow in the autoradiograph of differential display gel. Lanes a and b are the two dilutions of cDNA 
templates which are amplified by the PCR. Panel B: Electrophoresis and cDNA blot analysis for GTP-binding protein gene. Total 
storage root RNA (30 µg) was reverse transcribed by MMLV-RT enzyme, then separated on a 1% (w/v) agarose gel and transferred to 
the nylon membrane. cDNAs were hybridized at high stringency with digoxigenin-labelled probes that were derived from the PCR 
amplified fragment of the genes. a, Total cDNA gel; b, cDNA blot with GTP-binding protein probe; M, marker DNA (Promega, 1Kb 

















Fig. 7.11. Partial DNA sequence of the Ran-like GTP binding protein identified from 
cassava. 
 















The studies reported here of genetic variations in cassava mutant S9 plant included 
isozyme pattern, cytogentics, electrophoresis in soluble proteins and gene expression. 
Isozyme pattern and cytogenetic analysis did not reveal much variation in mutant S9 
plants compared to the wild type. On the other hand, leaf and root protein profiles 
showed both qualitative and quantitative differences in mutant S9 plants compared to 
wild-type plants. Two proteins which were absent in the mutant plant soluble protein 
fractions were identified as a 100 kD plastidic form of SP and another 80 kD Hsp70 heat-
shock protein. It was assumed that these proteins had some role in starch biosynthesis. 
Furthermore, the RT-PCR and cDNA blot studies revealed that the differences observed 
for the mutant plant starch (in terms of starch content, composition and molecular 
structure) were attributed to a relatively low gene expression and low enzyme activity for 
some of the key enzymes in the starch-biosynthetic pathway. Since several genes are 
affected in the pathway, it was hypothesized that in the mutant S9 plants any of the 
common regulatory mechanisms for starch biosynthesis might be affected by the 
mutations. However, this suggestion has to be investigated with further experimental 
evidence, and it would be premature to conclude now that gene regulation for starch 
biosynthesis might be affected in the mutant S9 plants. Further studies are needed to sort 







Chapter 8. General conclusion and future perspectives 
 
Three major issues related to cassava germplasm improvement were studied. 
Biosynthesis and transport of the cyanogenic glucoside linamarin in various tissues of 
cassava were the subject in Chapter 3. Results showed that biosynthesis in root tissues as 
well as translocation from leaves control the storage root linamarin content. Therefore, it 
would appear reasonable that the use of a constitutive promoter is a more realistic 
approach in any transgenic experiment that aims to reduce the cyanogen content of the 
storage roots.  
Secondly, in order to increase the genetic variability in the cassava germplasm 
induced mutation technique was used in combination with cyclic somatic embryogenesis 
system. In Chapter 4, it was demonstrated that the cyclic somatic embryogenesis system 
provided an ideal in vitro method for mutation studies in cassava. This study showed that 
5-10 kR of γ-rays were suitable dose for inducing mutations in globular-stage somatic 
embryos. More than 50% of the regenerated mutant lines had one or more variations in 
their phenotypes. Some of the parameters studied for screening the mutant lines include 
cyanogen and starch content. The cassava mutant S9 plants showed distinct 
morphological variations compared to the wild-type plants. In this mutant, the storage 
root morphology was quite different with 60-fold decrease in total yield.  
Thirdly, in order to understand the mechanism of starch biosynthesis the mutant S9 
plants have been characterized in detail. In Chapter 5, it was shown that the cassava 
mutant S9 plant starch were different from the wild-type plants in terms of starch content, 
composition, granule morphology and structural and physico-chemical as well as 
functional properties. Chapter 6 dealt with the catalytic activity of major enzymes of 
carbohydrate metabolism in mutant S9 plants. The differences in starch pattern were 
attributed to the low catalytic activity for AGPase, GBSS, SBE and SP in mutant S9 
plants. Gene expression studies in Chapter 7 revealed that, the low catalytic activities for 
these enzymes were due to relatively low gene expression. The present study has further, 
opened up a lot of new avenues for research on starch biosynthesis in cassava, some of 
which have been listed below. 
Although the linamarin content or starch content were not altered positively in 
storage roots of most of the screened mutant lines, the somatic embryogenesis is still a 
useful tool for mutation studies in cassava. Mutation breeding and somatic 
embryogenesis techniques can be used for regeneration of large number of propagules 
and massive screening programs using large number of mutant lines. This may further 
increase the genetic variations in the cassava germplasm allowing the selection of useful 
mutants. 
To analyze how storage root metabolism is connected with growth and 
development and how biosynthetic pathways are controlled by transport processes require 
an integrated experimental approach. This includes biochemical and histological methods 
as well as transgenic approaches and genomic tools. Storage root development in cassava 
is closely related to metabolism and nutrient transport. Growing storage roots acquire 
strong sink strength at the onset of maturation, actively importing assimilates from the 
shoot. It was found that the cassava mutant S9 plants had lower amounts of 
photosynthetic pigments. Therefore, comparison of the mutant plants with wild-type 
plants in terms of photosynthetic efficiency, phloem unloading, post-phloem transfer, 
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transport processes of assimilates within and between the source and sink tissues and flux 
of carbon into starch would be a major subject for investigation. The storage root 
development is largely controlled at the metabolic level. Sugars and nitrogen, in addition 
to their nutritive role, act as signals which regulate and influence development. Therefore, 
new approaches including biochemical, molecular and genetic techniques can be used to 
investigate storage root metabolism in the mutant S9 plants on a spatial resolution. 
Additionally transgenic approaches can be applied to investigate whether specific 
pathways or enzymes, as well as assimilate transporters, exert rate-limiting roles on starch 
synthesis and composition.  
To study the complexity of carbohydrate metabolism and the events occurring in 
the specific steps of the pathway at metabolite level, it is necessary to analyze various 
stages of plant development, looking at metabolites in many different pathways. 
Therefore, it would be of interest to identify the metabolite profile of the storage roots 
from the mutant S9 plants. This would allow interesting comparisons with wild-type 
plants. Analytical techniques like gas chromatography coupled with mass spectrum (GC-
MS) and high performance liquid chromatography (HPLC) can be used to analyze the 
metabolites of carbohydrate metabolic pathway. 
This new information, along with previous knowledge on the cellular pathway and 
the physiology of assimilate import into storage root; will allow a more integrated 
understanding of cassava storage root development and metabolism. Such knowledge also 
has a significant potential for applications based on manipulating storage root growth and 
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